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Abstract

One major goal of commercial fruit production is a homogenous fruit quality throughout the
whole orchard. For this purpose, crop load management practices in apples intend to
reduce the number of fruit per tree in order to (i) optimise the carbon supply to demand
balance and the (ii) fruit quality in the current season, and (iii) ensure flower bud formation
for the following season. Currently, crop load management is routinely performed field
uniform without taking into consideration the inter-tree variability in flower or fruit set and
the photosynthetic capacity of the trees, which frequently occurs in commercial orchards.
Because of the variability among the trees, uniform crop load management can lead to
sub-optimal numbers of fruit per tree when targeting homogenous fruit qualities. Currently,
no tree-adapted crop load management practices have been developed. One reason is
the lack of plant physiological and agronomic models to evaluate the actual fruit set of
individual trees and to derive management decisions from these data. For tree-adapted
crop load management, the fruit set and growth capacity of all trees within an orchard,
often exceeding 2,500 trees per hectare, need to be mapped. Frequent studies of
georeferencing and sensing individual trees’ data are available, but the developed

approaches lack further application in decision support models.

The aim of this thesis was (i) to investigate inter-tree variability in flower set, fruit set, and
total leaf area per tree in apple, (ii) to develop a modelling approach to estimate the trees’
capacity to produce fruit of desired diameters, the fruit bearing capacity, which is based on
spatially recorded sensor data of individual trees, and finally (iii) to investigate the
application of the model, future possibilities, and advantages of tree-adapted crop load

management.

The variance in flowers per tree was investigated in two commercially relevant apple
cultivars ('Elstar: 200 trees in 2011, 2014, 2015; 'Gala": 100 trees in 2014, 200 trees in
2015, 2016). Trees of the cultivar 'Elstar’ were more susceptible to alternate bearing in
comparison to 'Gala' trees and, therefore, included a higher percentage of trees with a low
flower set, unable to meet the desired number of fruit per tree at harvest. Field uniform
flower thinning led to yield reductions by over-thinning of trees with low and medium flower

set on both cultivars ranging from 1.4 - 7.6 t ha™.

The leaf area per tree was recorded in three commercial apple orchards, taking into
consideration the cultivars 'Gala' (996 trees), 'Pinova' (50 trees) and 'RoHo 3615' (100

trees), with a terrestrial 2-D light detection and ranging (LiDAR) laser scanner. A method



to estimate individual trees’ photosynthetic and fruit bearing capacity (FBC) has been
introduced. The method utilises the total leaf area per tree, monthly recorded gas
exchange variables of the fruit and the leaves, fruit growth rates, and weather data and
considers these data in a carbon balance model. The leaf area and photosynthetic capacity
of the investigated trees was highly variable in all three orchards. In 'Gala’, the variance in
leaf area per tree and the FBC was similar in two consecutive years. However, the spatial
location of cold and hot spots in the FBC, highlighting trees with FBC below or above the
average of the surrounding trees, varied between the years. Consequently, for precise
crop load management that targets homogenous average fruit diameters in orchards with
inter-tree variability in total leaf area, the FBC need to be recorded annually. The FBC can
be used to derive optimum fruit numbers per tree to achieve desired fruit diameters. The
FBC of individual trees (‘Gala' 2018: 100 trees, 2019: 70 trees; 'Pinova' 2018: 35 trees;
'RoHo 3615' 2018: 45 trees) was calculated for the actual average harvested fruit diameter.
The modelled FBC of the trees, with little deviation, corresponded to the actual number of
marketable fruit per tree. The results additionally revealed that, in the two orchards of the
cultivars 'Pinova' and 'RoHo 3615', field-uniform thinning of heterogeneous trees can result
in avoidable yield losses on 23%, 31 %, respectively, of the investigated trees.
Furthermore, 16 % of the trees of 'RoHo 3615' had numbers of fruit per tree that exceeded
the FBC and led to an average fruit diameter below 65 mm, the minimum requirement for
fresh market access. In 'Gala’ in two consecutive years, the mean fruit mass and mean
soluble solids content per tree correlated with the amount of photons that the tree, after
the foliage was fully developed, had absorbed per fruit, demonstrating the physiological
limitations of the trees to produce fruit of a desired quality. Minimum thresholds of
seasonally intercepted photons per fruit to achieve a specific fruit quality were generated.
In the period after the foliage of the trees was fully developed until harvest, the total incident
photosynthetically active radiation (PAR) was 440 MJ m?2, 508 MJ? in 2018, 2019,
respective, of which the trees absorbed 19-62 %, depending on the available leaf area and
the associated light interception. On average, 7.5 MJ PAR in 2018 and 5.9 MJ in 2019 per
fruit was required, that 80% of the fruit reached a marketable fruit diameter. To absorb this

amount of PAR, at least 550 cm? of leaf area per fruit were required.

For the implementation of tree adapted crop load management, both flower and fruit
thinning would be feasible. Flower thinning has two advantages: it is independent of the
weather conditions, and the same settings of the thinning device leads to consistent
thinning results over several years. However, after flower thinning is performed, late frost

can reduce the fruit set of the trees, which may lead to low crop loads below the FBC.



Chemical fruit thinning is usually carried out when there is no longer a risk of late frost.
However, the thinning efficacy depends on temperature, irradiation, humidity and the
physiological condition of the trees. Therefore, thinning results often differ between years.
In this work it was confirmed that for successful chemical thinning with the photosynthesis
inhibitor metamitron, warm weather conditions (night: 15°C, day: 20°C) in the days before
and after application are favourable. At these temperatures, one application of the active
ingredient is sufficient to reduce the fruit set of the trees to the desired target values,

whereas at lower temperatures further applications may be required.

Tree adapted crop load management practices would be beneficial to avoid over-thinning
and yield losses on trees with low and medium flower set, to optimise the crop load of all
the trees and, consequently, to tap into the full economic potential of an orchard. For future
crop load management strategies, the developed model can be utilised to evaluate the
actual fruit and flower set in order to make management decisions for individual trees. For
this purpose, it is required to utilise tree individual data in plant physiological and
agronomic models. The models can potentially serve as algorithms to control machinery
that is able to treat trees individually. Tree adapted crop load management would
significantly advance the management of apple orchards taking into consideration the

desired production targets and the physiological limitations of individual trees.



Zusammenfassung

Bei der erwerbsmaligen Erzeugung von Obst wird eine homogene Fruchtqualitat
innerhalb der gesamten Produktionsanlage angestrebt. Zu diesem Zweck wird bei Apfeln
die Anzahl an Frichten pro Baum durch Ausdinnung reduziert, um in der laufenden
Saison (i) das Verhaltnis zwischen dem Kohlenstoffbedarf wachsender Friichte und dem
Angebot an assimilierten Kohlenstoff fir das Fruchtwachstum, sowie (ii) die Fruchtqualitat
zu optimieren und (iii) die Blitenbildung fiur die folgende Saison sicherzustellen. Die
Ausdlinnung wird derzeit feldeinheitlich durchgeflihrt, ohne dabei die Variabilitat des
Bluten- und Fruchtansatzes oder der Wachstumskapazitat der Baume zu bericksichtigen,
die haufig in Obstanlagen auftreten. Eine feldeinheitliche Ausdiinnung kann jedoch
aufgrund von Unterschieden im vegetativen und generativen Wachstum zwischen den
einzelnen Baumen zu einer suboptimalen Anzahl von Friichten pro Baum fiihren, wodurch
Ertragsverluste auftreten. Bisher sind keine baumangepassten Verfahren fir die
Ausdlnnung verfligbar. Ein Grund dafir ist das Fehlen von pflanzenphysiologischen und
agronomischen Modellen, um den tatsachlichen Fruchtansatz einzelner Bdume in Relation
zur Fruchtqualitat zum Erntezeitpunkt zu bewerten und daraus Entscheidungen fir die
Kulturfihrung abzuleiten. Fir eine an einzelne Baume angepasste Ausdiinnung ist es
notwendig, den Fruchtansatz und die Fruchtertragskapazitat aller Baume innerhalb einer
Anlage, die oft mehr als 2.500 Baume pro Hektar umfasst, zu kartieren. Zwar gibt es
zahlreiche Mdoglichkeiten zur Erfassung und Georeferenzierung von Daten einzelner
Baume, jedoch werden diese bisher noch nicht in  Modellen zur

Entscheidungsunterstitzung verwendet.

Ziel dieser Arbeit war es, (i) die Variabilitdt des Bluten- und Fruchtansatzes und der
Wachstumskapazitat aller Baume einer Apfelproduktionsanlage zu erfassen, (ii) einen
Modellierungsansatz der Fruchtertragskapazitat der Baume, um Friichte mit gewlinschten
mittleren Fruchtdurchmessern zur Ernte zu produzieren, zu entwickeln, der auf raumlich
erfassten Sensordaten einzelner Baume basiert, die zur Simulation der Kohlenstoffbilanz
der Baume in verschiedenen Fruchtentwicklungsphasen verwendet werden und (iii)
Anwendungsmdglichkeiten des Modells in technischen Verfahren zur baumangepassten

Ausdlnnung zu untersuchen.

Die Variabilitat der Bliten pro Baum wurde an zwei wirtschaftlich bedeutenden Apfelsorten
untersucht ('Elstar": jeweils 200 Baume in 2011, 2014, 2015; 'Gala": 100 Baume in 2014,
200 Baume in 2015, 2016). Die Baume der Sorte 'Elstar' wiesen im Vergleich zu denen

der Sorte 'Gala' einen héheren prozentualen Anteil mit geringem Blutenansatz auf, die bei
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der Ernte nicht die Ertragskapazitat pro Baum erreichen konnten. Die feldeinheitliche
Ausdlinnung wahrend des Ballonstadiums (BBCH-Stadium 59) flihrte bei beiden Sorten
zu Ertragsminderungen zwischen 1,4 - 7,6 t ha™', verursacht durch Uberdiinnung von

Baumen mit geringem und mittlerem Blitenansatz.

Die gesamte Blattflache einzelner Baume wurde in drei Apfelproduktionsanlagen (‘Gala":
996 Baume, 'Pinova': 50 Baume, 'RoHo 3615 100 Baume) mit einem terrestrischen
zweidimensionalen Light Detection and Ranging (LIDAR) Laserscanner erfasst. Es wurde
eine Methode entwickelt, um die Photosynthese- und Fruchtertragskapazitat (FBC)
einzelner Baume zu modellieren. Dabei werden die gesamte Blattflache pro Baum, die
saisonalen Gaswechselraten der Frichte und der Blatter, Wachstumsraten der Frichte
und lokal erhobene Wetterdaten in einem Kohlenstoffbilanzmodell verwendet. Die
Blattflache und die Photosynthesekapazitat der untersuchten Baume wiesen in allen drei
Anlagen eine hohe Variabilitdt auf. Die Variabilitat der Blattflache pro Baum und der FBC
bei 'Gala' war in zwei aufeinanderfolgenden Jahren ahnlich. Durch Anwendung der Getis-
Ord‘s Hot- und Cold-Spot-Analyse wurden Baume mit einer niedrigeren bzw. héheren FBC
als der Durchschnitt der umgebenden Baume lokalisiert. Dadurch wurde festgestellt, dass
sich die rdumliche Lage von Coldspots und Hotspots der FBC zwischen den zwei Jahren
unterschied. Folglich muss fiir eine prazise Ausdinnung, mit dem Ziel homogene mittlere
Fruchtdurchmesser aller Baume trotz Variabilitat der Blattflache zwischen den Baumen zu

erreichen, die FBC jahrlich ermittelt werden.

Die FBC kann zur Ableitung der optimalen Fruchtanzahl pro Baum verwendet werden, um
gewlnschte Fruchtdurchmesser zu erreichen. In dieser Arbeit wurde die FBC einzelner
Baume ('Gala' 2018: 100 Baume, 2019: 70 Baume; 'Pinova' 2018: 35 Baume; 'RoHo 3615’
2018: 45 Baume) fiir deren tatsachlichen mittleren Fruchtdurchmesser zur Ernte simuliert.
Die resultierende FBC der Baume entsprach, mit geringer Abweichung, der tatsachlichen
Anzahl an vermarktungsfahigen Friichten pro Baum. Die Ergebnisse zeigten zudem, dass
in zwei Anlagen die feldeinheitliche Ausdiinnung heterogener Baume zu vermeidbaren
Ertragsverlusten bei bis zu 31 % der untersuchten Baume flhrte. Zusatzlich dberschritten
in einer Anlage die Anzahl von Friichten pro Baum von 16 % der Baume die FBC, was zu

mittleren Fruchtdurchmessern unter 65 mm fihrte, der Mindestanforderung fur Tafelware.

Bei 'Gala' korrelierten in zwei aufeinanderfolgenden Jahren die mittlere Fruchtmasse und
der mittlere Gehalt an lI6slicher Trockensubstanz pro Baum mit der Menge an Photonen,
die der Baum, nachdem die Blattflache voll entwickelt war, pro Frucht absorbiert hatte.

Durch die Korrelation wurden die physiologischen Grenzen der Baume fiir die Erzeugung



von Frichten einer angestrebten Qualitdt aufgezeigt. AulRerdem wurden daraus
Schwellenwerte der saisonal absorbierten Photonen pro Frucht generiert, um eine
bestimmte Fruchtqualitdt zu erreichen. In dem Zeitraum, nachdem die Blattflache der
Baume voll entwickelt war bis zur Ernte, betrug die Summe der einfallenden
photosynthetisch aktiven Strahlung (PAR) 440 MJ m? in 2018 und 508 MJ m in 2019,
von denen die Baume, in Abhangigkeit der vorhandenen Blattflache und der damit
verbundenen Lichtinterzeption, 19-62 % absorbierten. Im Mittel waren je Frucht 7.5 MJ
PAR in 2018 und 5.9 MJ PAR in 2019 notwendig, damit 80 % der Fruchte eine
vermarktungsfahige Qualitat erreichten. Um diese Menge an PAR zu absorbieren, waren

mindestens 550 cm? Blattflache pro Frucht erforderlich.

Fiar die Umsetzung der baumangepassten Ausdinnung eignen sich sowohl Bluten- als
auch Fruchtausdunnung. Die maschinelle Blutenausdinnung hat zwei Vorteile: Zum einen
ist sie witterungsunabhangig, zum anderen sind die Ausdunnergebnisse, bei gleicher
Einstellung des Ausdunnungsgerates, in mehreren aufeinanderfolgenden Jahren
reproduzierbar. Nachdem die Blitenausdinnung durchgefihrt wurde, kann Spatfrost den
Fruchtansatz der Baume reduzieren, was haufig zu Erntemengen unterhalb der FBC fiihrt.
Die chemische Fruchtausdinnung wird in der Regel durchgeflihrt, wenn keine Gefahr von
Spatfrost mehr besteht. Jedoch hangt die Wirksamkeit der Ausdiinnung von Temperatur,
Einstrahlung, Luftfeuchtigkeit und dem physiologischen Zustand der Baume ab. Daher
unterscheiden sich die Ausdinnungsergebnisse haufig zwischen den Jahren. In dieser
Arbeit wurde bestatigt, dass fiir eine erfolgreiche chemische Ausdinnung mit dem
Photosynthesehemmer Metamitron, warme Witterungsbedingungen (Nacht: 15 °C, Tag:
20°C) in den Tagen vor und nach der Anwendung foérderlich sind. Bei diesen Temperaturen
ist eine Applikation des Wirkstoffes ausreichend, um den Fruchtansatz der Baume auf die
gewunschten Zielwerte zu reduzieren, wahrend bei niedrigeren Temperaturen dafur haufig

weitere Applikationen notwendig sind.

Eine baumangepasste Ausdiinnung hat den Vorteil, dass sich dadurch Uberdiinnung, und
damit verbundene Ertragsverluste bei Baumen mit geringem und mittlerem Blutenansatz,
vermeiden lassen. Zudem kann durch eine baumangepasste Ausdinnung die
Ertragsleistung aller Baume optimiert und somit das volle wirtschaftliche Potenzial einer
Obstanlage ausgeschopft werden. Das entwickelte Modell zur Simulation der FBC
einzelner Baume, kann fir zukinftige Ausdinnstrategien genutzt werden, um den
tatsachlichen Frucht- und Blutenansatz einzelner Baume zu bewerten und daraus

Entscheidungen bei den einzelnen Schritten der Ausdiinnung zu treffen. Dazu ist es

\



erforderlich, baumindividuelle Daten (Blattflache, Fruchtansatz) in
pflanzenphysiologischen und agronomischen Modellen anzuwenden. Die Modelle kénnen
potenziell als Algorithmen zur Steuerung von Geraten dienen, die in der Lage sind, Baume
individuell auszudiinnen. Eine baumangepasste Ausdinnung wirde durch die
Bericksichtigung der gewinschten Produktionsziele und der physiologischen Grenzen
der einzelnen Baume die prazise Bewirtschaftung von Apfelplantagen deutlich

voranbringen.
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Essentially, all models are wrong, but some are useful.

George Box
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1. Introduction

1.1. Problem statement

It is forecasted that the world population will increase from currently 7.7 billion (2019) to
9.7 billion people within the next thirty years (United Nations, 2019). To meet the food
demand of the growing population, an increase in the overall productivity of current food
production systems on arable land by approximately 25% - 70% from recent levels is
required (Hunter et al., 2017). Fruit crops, including apple, contribute to the world’s food
supply as an important source of fibre, phytochemicals, minerals, and vitamins (Feliciano
et al., 2010; Vincente et al., 2014; Yahia et al., 2019). Therefore, the desired increase in
overall production also includes fruit crops. Currently, 30 % - 50% (1.2 - 2 billion tons
annually) of all food produced worldwide is lost along the value chain (field, grading,
storage, packing, retail, consumer) and therefore, not consumed (Porat et al., 2018). In
apples, both field and grading losses were reported to range between 5 % - 25 % of all the
fruit produced (Porat et al., 2018). Avoiding field and grading losses, e.g. through optimised
pre-harvest management and associated increase in overall fruit quality, can also reduce
losses in subsequent steps of the value chain. Consequently, optimised pre-harvest
management of fruit crops leads to higher yields, contributing to the food security of the

growing world population.

Furthermore, there is a need for a transition in the current agricultural management
practices towards more sustainable food production systems, in order to maintain arable
land in a good agricultural condition and to minimise the environmental impact of land use.
For these reasons, key objectives of the European Union’s Farm to Fork strategy, in order
to implement the goals of the European Green Deal, are, to significantly reduce the use of
agrochemicals in crop production and the occurrence of food losses along the value chain
(Guyomard and Bureau et al., 2020). This coincides with consumers’ demand for more
sustainable produced food, often referring to environmental sustainability indicators. From
a fruit grower’s perspective, economic and social sustainability indicators are additionally

relevant.

Another challenge that farmers are facing is the structural change in the agricultural sector,
including horticulture (Garming et al., 2018), seen in the decreasing numbers of farms and
increasing average size of the farms (Neuenfeldt et al., 2018). One important driver of the
structural changes in the fruit production sector is the increase in production costs, due to

the annual increasing minimum salary (Garming, 2016) and the relatively high demand of



manual labour. However, despite minimum salary, the general availability of human labour

in the agricultural sector is predicted to decrease (Schuh et al., 2019).

Means of mechanisation and automation in the production process of fruit crops have the
potential to increase the precision of orchard management tasks, reduce the amount of
agrochemicals applied and to balance labour scarcity. For this purpose, all regular
management practices need to be re-examined to evaluate the potential of mechanisation
and further automation. In the past two decades, various approaches for mapping of
geometrical and structural canopy parameters of tree fruit crops have been developed
(Colago et al., 2018; Huang et al., 2020), as well as actuators and robotic end-effectors
(Verbiest et al., 2020) to perform individual management tasks adapted to the tree’s
canopy. However, up to date, no fully automated and cost-efficient solutions to replace
human labour are available in pome fruit production (Verbiest et al., 2020). One reason is
the lack of plant physiological models and agronomic models to simulate the plants
response to varying treatments on spatio-temporal scales. The current state of the art in
decision making in orchard management is based on the subjective evaluation of single
plants extrapolated to whole orchards. Consequently, models would be necessary to
optimise the available prototypes of actuators and robotic end effectors to the conditions
of commercial orchards and for precise decision making beyond the subjective evaluation
of single trees. That is especially true for crop load management of apples, which despite
decades of intensive research (Dennis, 2000; Costa et al., 2018), is mostly performed
chemically with unpredictable responses. In addition, crop load management lacks precise
metrics, which would be necessary to reduce field and storage losses of fruit, allow annual

bearing, and optimise the amount of fruit per tree of a desired quality.

To meet current and future challenges, dramatic changes of current fruit production
systems are required. Additionally, farm machinery equipped with plant sensors need to
be developed, which has the ability to treat trees or groups of trees individually. Such
machinery may reduce variability in fruit quality, yield losses in the field, and bearing habits
among individual apple trees within an orchard. To provide decision support in crop load
management of individual trees, a key objective is the development of reliable plant
physiological and agronomic models, serving as algorithms for new machinery, which in
turn enables sustainable intensification by achieving high yields of high quality fruit

annually with low inter-tree and intra-tree variability in fruit quality.



1.2. State of knowledge

Apple (Malus x domestica BORKH.) is the world’s most produced temperate tree fruit crop
and the second most produced fruit crop in Europe, covering more than 0.5 % of the total
arable land in Europe (2019; FAO, 2021). China is the world’s leading apple producing
country in terms of quantity, contributing 49 % to the world’s apple production (2019),
whereas Germany is ranked 14th based on its production volume when compared to all
other (2017-2019; Fig. 1-1) apple producing countries. The comparison between countries
in terms of annual production volume and productivity (Fig. 1-1) reveals a large difference
in the average production per hectare. The reasons for these differences are the diverse
climate conditions (Lakso et al.,, 2001), growing systems (Robinson et al., 1991), and
intensities of production. It is acknowledged that the average yield per hectare is calculated
by dividing the total production volume of a country by the total orchard surface, taking into
consideration bearing and non-bearing orchards and orchards with varying degree of
production intensity. Thus, the average yield per hectare may differ considerably from the
yield potential of several orchard types in use. The world’s most productive orchards are
located in New Zealand due to the beneficial climate there (Lakso et al., 2001, Palmer et
al., 2002). In New Zealand, annual yields above 100 t ha™' (Breen et al., 2021) can be
achieved in commercial orchards, significantly exceeding the yields of the most productive

German orchards of 80 t ha™'.

In the commercial production of apple, the management of the tree’s crop load is of
outstanding importance. The crop load affects the harvest index (Glenn, 2016), growth
potential of vegetative tree organs (Reyes et al., 2016; Liang et al., 2020), cortical cell
number (Lakso et al., 1995) and cell size (Link, 2000) of fruit, formation of most fruit's
quality properties (Serra et al., 2016; Lakso and Goffinet, 2017), and the resulting crop
value (Robinson et al., 2017). The development of the fruit coincides with the development
of the flowers for the following year. Therefore, the crop load also affects flower induction
(Kofler et al., 2019) and flower morphology (Buszard and Schwabe, 1995). Moreover, the
crop load affects the requirements for carbohydrates (Lakso, 2011), water (Suo et al.,
2016) and nutrients of the whole tree which, when the supply is limited, determines the
physiological conditions of the tree, e.g. the gas exchange of the leaves (Winsche et al.,
2000), stem water potential (Naschitz and Naor, 2005; Sadras and Trentacoste, 2011;
Neilsen et al., 2016) and content of mineral nutrients in the leaves (Neilsen et al., 2015).
Naturally, the trees set more fruit than is commercially desirable, which can lead to low
fruit quality and poor flower initiation. Therefore, crop load management practices, which

reduce the number of fruit per tree to desired levels, are often considered the most
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important management practices in apple production to ensure that trees annually bear
high quality fruit (Link, 2000; Yuan and Greene, 2000; Kon and Schupp, 2019).
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Figure 1-1

Total apple production (grey bar) and average yield per hectare (diamond) of the 15
countries with the world'‘s highest apple production (2017-2019). (FAOSTAT; access 20.
January 2021).

Variability in flower set (Liakos et al., 2017; Penzel et al., 2020c) and fruit set (Manfrini et
al., 2020) among trees or even regions within the same tree canopy frequently occurs.
Furthermore, canopy parameters such as leaf area index, canopy light extinction
coefficient (Poblete-Echeverria et al., 2015; Sanz et al., 2018), and tree height (Hobart et
al., 2020) appear to vary among trees within the same orchards. This indicates variability
between the trees in their photosynthetic capacity, which is determined by the total leaf
area and associated light interception of a tree (Palmer et al., 2002). Consequently, the
trees have variable amounts of fruit and different capacities to produce fruit of a targeted

quality, which both need to be considered when managing the tree’s crop load.

Traditionally, crop load management practices have consisted of manual removal of

surplus fruit and regular pruning of the trees, which removes surplus flower buds and



allows sunlight to penetrate various layers of the canopy and illuminate the leaves and
fruit. Both practices were already known in ancient times (Theophrastus, 371 BC - 287 BC;
Palladius, 4"-5" century A.D). In one of his six books on crops, De Causis Plantarum,

Theophrastus discussed the question:
[...] why do wild trees, though stronger than the cultivated, fail to ripen their fruit?

In his answer, he mentioned the effect of crop load on fruit maturity, which is delayed at

high levels of crop load (Volz et al., 1993), and the practice of reducing heavy crop loads:

One cause is the abundance of their fruit. For the superior strength of wild trees is more
than offset by their superabundance of fruit; and along with a heavy yield goes a failure to
concoct it all, which is why growers remove some fruiting parts when there are too many

of them.

Later, Palladius explained in one of his fourteen books on agriculture, basic cultivation

practices of several crops, including apple, and the practice of thinning of surplus fruit:

If a thick crop loads the tree, all the faulty fruit is to be gathered, that there may be a
sufficient supply of juice for the rest, and that the tree may administer abundance of it to

the generous fruit, which too large crop rendered of little use.

Until the 20" century, hand thinning and pruning were the main management practices to
reduce the crop load of apple trees (Dennis, 2000). During the 20" century, when human
labour became more expensive or unavailable, chemical and automated mechanical crop
load management practices for flower and fruit thinning were developed and integrated
into the production process of apples (Dennis, 2000). The mode of action of thinning
agents for flower thinning relies on damaging floral tissues and the inhibition of pollen tube
growth (Kon and Schupp, 2019). In addition, chemical fruit thinning agents can activate
the fruit's abscission zone by means of disturbance of the internal balance of plant
hormone streams or by restricting the growing fruitlets’ carbon supply below the carbon
demand (Bangerth, 2000). Mechanical thinning is mainly performed on flowers by using
rotating spindles with attached plastic strings to remove surplus flowers (Kon and Schupp,
2019). Recently, two novel devices have been developed that may enable mechanical
fruitlet thinning of apple (Assirelli et al., 2018; Roche, 2020). The principles of chemical
and mechanical thinning are further described in Chpts. 2 and 3. Although already
implemented into the production process for many years, fruit set response to thinning
treatments is highly variable up to date (Jones et al., 2000; Robinson and Lakso, 2004;
Lordan et al., 2020), limiting the possibility to reach precise production targets. For a better

understanding of the thinning process, physiological and decision support models were



developed in order to integrate several interacting orchard and environmental factors. The
models aimed at predicting the timing (Yoder et al., 2013; Peck and Olmstead; 2018), the
required frequency of thinning treatments and the fruit set response to thinning treatments
(Greene et al., 2013; Robinson et al., 2017; Lordan et al., 2018, 2020). The main
interacting factors determining fruit set response to chemical thinning treatments on apple
are temperature and solar radiation in the periods before and after the thinning treatment
(Greene, 2002; Stover and Greene, 2005) as well as during the early development of the
tree’s canopy (Lordan et al., 2019). However, thirty factors of the current and the previous
year’s tree condition and seasonal climate have been described to date that may influence

fruit set response to thinning treatments (Costa et al., 2018).

Precise crop load management requires a production target in order to optimise the fruit
diameter at harvest and the associated crop value (Robinson et al., 2017) as well as return
bloom in the subsequent year (Handschack and Schmidt, 1990; Pellerin et al., 2011). For
this purpose, the relationships between harvest fruit diameter, yield, crop load, and flower
set in the subsequent year have been intensively studied since the early 20" century
(Magness et al., 1931; Forshey and Elfving, 1977; Handschack and Schmidt, 1990;
Lescourret and Génard, 2003). The negative correlations between fruit per tree and fruit
diameter (lwanami et al., 2018) and fruit per tree and flower set in the subsequent year
(Serra et al., 2016) were frequently reported. Consequently, crop load management
decisions directly affect the productivity and economic sustainability of an orchard in the
year applied and the subsequent year. Decision support in crop load management
practices rely on these relationships (Thiele and Zhang, 1992; Hester and Cacho, 2003).
However, few metrics are available to estimate production targets for individual trees,
either expressed relative to the leaf area per tree (Magness et al., 1931; Preston, 1954),
the canopy surface area (Winter, 1976), the trunk cross sectional area (lwanami et al.,
2018) or the branch cross sectional areas of the main branches (Breen et al., 2016).
Currently, tree-specific production targets, e.g. to respond to spatial variability in bud
numbers per tree, flower and fruit set, can only be addressed with manual crop load
management practices such as artificial bud or spur extinction or hand thinning (Breen et
al., 2016; Bound, 2019). For chemical and mechanical thinning of blossoms and fruitlets
or fruit, tractor speed is the sole option to respond to trees or groups of trees individually.
Lack of methods for tree-adapted crop load management can lead to non-optimal numbers
of fruit per tree and can, therefore, be seen as a source for heterogeneity in fruit quality,
field losses, as well as irregular bearing. In order to adapt mechanical or chemical thinning

treatments to the conditions of individual trees or groups of trees, a control system is



required, which integrates sensors to map the trees condition, a control algorithm
calculating the required thinning intensity based on the sensor input, and an
actuator/robotic end-effector system to adapt the thinning intensity accordingly. Possible
systems for tree-adapted mechanical flower thinning of fruit trees were proposed (Wouters,
2014; Lyons et al., 2015; Pflanz et al., 2016). All systems consist of a vision system to map
individual trees, or regions within the tree and an algorithm to process the mapped data
into the required thinning intensity. This intensity is then translated into an electrical signal
controlling the actuator/end-effector, which then convert the electrical signal into
mechanical movements (Lyons et al., 2015: Rotating brushes; Pflanz et al., 2016: a
rotating spindle) or in case of Wouters (2014), the compressed air supply to nozzles
targeting flower buds. Prototypes of all systems were developed, but these have not been
commercialised to date (Verbiest et al., 2020). This is, beside economic considerations,
due to the lack of suitable models to evaluate a tree’s capacity to bear fruit of a targeted
harvest fruit quality, often referred to as the fruit bearing capacity, on which an approach

of site-specific management can potentially be based.

The mentioned metrics to estimate a target fruit number per tree do not consider the
regional seasonal climate and the photosynthetic capacity of a tree. This, however, would
be required not only for estimating each tree’s fruit bearing capacity, but also to compare
it to the actual number of fruit per tree for precise decision making. The resulting
management in variable rates would be performed several times after re-evaluation of the
actual fruit set until the production target is achieved, analogue to a closed loop control
system. A tree’s photosynthetic capacity is generally related to light interception
(Montheith, 1977; Lakso, 1994; Wiinsche et al., 1996; Palmer et al., 2002) of the exposed
foliage, which has previously been proven in frequent spacing trials (Verheij and Verwer,
1973; Palmer, 1988; Palmer et al., 1992; Wagenmakers and Callesen, 1995). Most
growing systems for apple rely on dwarfing rootstocks such as M.9 or M.26, enabling high-
density plantings, early filling of the allotted orchard space per tree, and thus early fruit
bearing (Robinson, 2011). In Europe, apple orchards are often planted at 3.5 m x 1.0 m
distance, achieving light interception up to 60 % of the incident light. Higher light
interception at the same planting system can lead to self-shading of the trees, reduced
yield (Winsche and Lakso, 2000) and fruit quality. Light interception up to 80 % is,
however, possible in new two-dimensional growing systems (Breen et al., 2021) with
optimised tall, narrow tree architecture, and uniform light distribution giving reduced

amount of unproductive leaf area.



A modelling approach for estimating the light interception of orchards was developed
(Palmer, 1977; Jackson and Palmer, 1980; Jackson, 1981) and is still frequently used, i.e.
in carbon balance models (Tab. 1-1) for scaling up individual leaves’ photosynthetic
variables to the whole canopy scale (Lakso and Johnson, 1990). With carbon balance
models the performance of the orchard system can be simulated to further optimise the
planting distance and tree architecture or to estimate the tree’s response to climate
conditions, crop load, and management practices (Wagenmakers, 1996; Lakso et al.,
2001; Pallas et al., 2016). For fruit trees and vines, several carbon balance models were

developed (Tab. 1-1) with varying degree of complexity.

The models often consider trees or vines as a collection of semiautonomous organs
(Dedong, 2019), where each organ has a genetically determined, organ-specific
development pattern and growth potential (Reyes et al., 2016) which is achieved according
to the individual carbon supply conditions. The proposed models often consist of several
sub-models for the individual tree organs, e.g. fruit, leaves, shoots, roots, or wood
(Fishman and Gérnard, 1998; Lakso and Johnson, 1990; Lakso et al., 2001; Reyes et al.,
2020). The carbon supply conditions of each organ are determined by the whole canopy
carbon assimilation and partitioning patterns according to the individual organ’s relative
sink strength for carbohydrates (Cannell, 1985; Buwalda, 1991), hierarchy in carbon
partitioning among the tree organs (e.g. shoots>>fruit>roots=wood; Lakso et al., 2001)
and, in some models (e.g. Allen et al., 2005; Lescourret et al., 2011; Pallas et al, 2016;
Reyes et al., 2020), the proximity of each organ to the carbon source organs. The hierarchy
in carbon partitioning among the different organs is especially relevant to simulate carbon

source limited conditions (Bepete and Lakso, 1998).

The models often start at bud break (Tab. 1-1). Later starting dates, e.g. full bloom in
apples or veraison in grapes, are possible when the initial conditions (e.g. number and
size; Tab. 1-1) of the tree organs are set. The photosynthesis of single leaves was scaled
up to the whole canopy scale through different approaches (Tab.1-1). The simplest
approach is to consider the foliage of the trees as one big leaf, which receives the average
irradiance of the canopy (De Pury and Farquhar, 1997). This approach may lead to
overestimation of the photosynthetic capacity of a tree, because the light environments
within a tree’s canopy can be highly variable (Zhang et al., 2016). The photosynthesis of
exposed leaves and leaves in sun flecks is mostly light saturated, whereas the
photosynthetic response of shaded leaves to irradiance is linear (De Pury and Farquhar,
1997). However, Charles-Edwards (1982) demonstrated the validity of the big-leaf

approach for hedgerow apple orchards. Nevertheless, the accuracy of big leaf models may



be increased by considering the sunlit and shaded fraction of the canopy leaf area
individually. Models which consider canopy layers, branches, or leaves individually (De
Pury and Farquhar, 1997) are most precise. The high level of complexity, however,
requires a high computing capacity because the computing time increases with the amount
of calculations (Reyes et al., 2020). The application of the models to a high quantity of
trees is, therefore, a trade-off between computing capacity, computing time, and accuracy.
Depending on the goals of the modelling, the optimal trade-off between simplicity and

accuracy/complexity may vary.

Of the mentioned models (Tab. 1-1), the MaluSim model is already being used as an online
real-time tool for decision support to forecast the optimum application dates and rates for
fruit thinning agents based on overall source-sink balances as affected by weather
conditions (Robinson et al., 2017). Furthermore, the model was used to partially explain
variations in fruit set responses to thinning treatments (Lordan et al., 2019) and organ
growth response to seasonal climate (Lakso and Johnson, 1990; Lakso et al., 2001). The
model was developed by Alan N. Lakso at Cornell University (Lakso and Johnson, 1990)
in 1990 and continuously advanced since then. The sub-models (leaf area development,
canopy net photosynthesis, fruit growth and abscission, carbon partitioning) simulate the
growth and respiration of shoots, the associated leaf area development, and the seasonal
growth and respiration of other organs (i.e. wood, roots, wood, fruit) as responses to the
daily climate conditions.

In comparison to other carbon balance models of fruit crops (Tab. 1-1) the MaluSim model
has the highest degree of simplicity, because the big-leaf approach is also applied to the
other tree organs (fruit, shoots, spurs, wood, roots) and the time interval is "days" to avoid
the complexities of modelling the dynamics of diurnal light availability and distribution in
the canopy. Consequently, the model can’t simulate distributions in organ size (e.g. fruit
size distribution at harvest), which other models (e.g. Pallas et al., 2016; Rahmati et al.,
2018; Reyes et al.,, 2020) are capable of. The more complex models developed by
scientists of INRAE in France, i.e. Evelyne Costes, Michel Génard, Francoise Lescourret
and co-workers, further consider architectural traits of the trees, which enables the
extension of the models to include different growing systems. Furthermore, the models
can simulate the seasonal development and distribution in quality parameters among

individual fruit (Lescourret et al., 2011; fruit dry mass, fresh mass, sugar contents).



Table 1-1

Carbon balance models for fruit trees and vines and the utilised approach for scaling up individual leaf’'s photosynthetic capacity to the whole
canopy.

Scaling up leaf Input parameters’ i
Author Crop photosynthesis to putp ;-t'énes
the whole canopy Tree description Climate P
Lakso and Johnson, 1990; Lakso aople biq leaf spacing, wood surface area, Fmax, Kk, no. of  date of bud break, Lat, davs
et al., 2006; Lordan et al., 2019 PP 9 shoots/spurs, flowers PAR, Tmin, Tmax, DL y
o tree organ (e.g. shoots, trunk, branches)
Pallas et al, 2016 apple individual shoot dimensions. coordinates at full bloom Tmean, PAR days
LAtee, initial cumulative fruit fresh mass, tree .
Reyes et al., 2020 apple individual leaf organ (e.g. shoots, trunk, branches) DOY, hour, PAR, Teai,  hours,
. . Tmean, Vwind, dayS
dimensions
Lakso, 2006; Poni et al., 2006; rape biq leaf spacing, no. of shoots/clusters per shoot/ date of bud break, Lat, davs
Miras-Avalos et al., 2018 grap g berries per cluster, light interception, k, ™*Jco PAR, Tmean y
spacing, organ (root, wood, cordon, fruit) fresh Lat PAR. T RH
Zhu et al., 2019 grape individual leaf mass, no. of cordons per vine, shoots per ’ S’vaea” Y hours
cordon, leaves per plant (at veraison)
. multi canopy C content of vine organs (stem, structural date of budbreak,
Buwalda, 1991 Kiwi layers roots, fine roots), no. of buds, fruit PAR, Tmean days
Cieslak et al., 2011 Kiwi individual leaf initial condition of vine organs (e.g. trunk, PAR 0.1
leaders), no. of canes days
multi canopy initial fresh mass of tree organs (trunk, _
Grossmann and DeJong, 1934 peach layers branches, roots, leaf, fruit), no. of fruit at bloom PAR, Trin, Tmax days
. initial conditions of tree organs (leaves, stem date of bud break,
Allen et al., 2005 peach individual leaf segments, fruit, buds, roots) SWC. Trean PAR days
Lescourret et al., 2011; Miras- initial conditions of the tree (branch system
Avalos et al., 2011; Rahmati et peach individual shoot y ’ RH, PAR, Tmean days

al., 2018 no. of leafy shoots, fruit)

) The table provides a selection of the most important model input parameters, further parameters and constants can be found in the respective reference.
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For precise crop load management, a simulation of fruit size distribution at harvest as a
response to thinning treatment would be valuable information when targeting the
optimization of yield in different fruit quality classes.

All proposed models require complex input data (Tab. 1-1). Extending the model
application to the whole orchard scale, which often consists of 2,000-3,000 trees per
hectare, would require (1) mapping input parameters for each tree automatically, e.g. by
high-throughput phenotyping techniques (Colago et al., 2018; Coupel-Ledru et al., 2019;
Huang et al., 2020) or (2) assuming all trees are the same, an obviously weak assumption
if individual tree treatments are desired. Several canopy and architectural traits of the trees
can already be mapped and georeferenced with optical sensors with high precision (Tab.
1-2). The sensors can be used on various platforms (Zude-Sasse et al., 2016; Wu et al.,

2020), including ground vehicles (GV), aerial vehicles (AV), or satellites.

From a practical point of view, precise crop load management consists of dormant pruning,
flower and fruit thinning. For full automation of flower thinning, sensing the number of
flower buds or flower clusters per tree is desirable (Pflanz et al., 2016). Knowledge of the
number of flower buds or clusters can directly lead to a decision for each tree, e.g. if crop
load management is required or not, even when the target number of fruit per tree would
assumed to be the same for each tree. It was demonstrated that trees with a low number
of flower clusters per tree barely meet the yield potential of the orchards in the respective
growing systems (Stopar, 2010; Beber et al., 2016; Penzel et al., 2020c), even without
thinning treatment. Consequently, thinning treatments on trees with low flower set can lead
to yield losses, which have not yet been quantified. These losses can potentially be
avoided by means of variable rate application of thinning treatments, which can distinguish
between trees with low flower set and medium or high flower set. Flowers from
individual fruit trees were mapped with RGB-sensors mounted on ground vehicles or UAVs
(Tab. 1-2). Spatial maps of the number of flower clusters per tree (Vanbrabant et al., 2020)
allow management decisions to be made for each tree in a short period of time. To further
positively affect fruit size and flower initiation, the subsequent fruit thinning must be
performed within three to four weeks post bloom, preferably as early as possible (Lakso
and Goffinet, 2017; Belhassine et al., 2019). Management decisions in fruit thinning during
this period can be based on the actual flower set or fruit set of the trees relative to the
tree’s fruit bearing capacity. However, models to precisely evaluate the individual tree’s
fruit bearing capacity are not yet available. One reason for this is the lack of linkage
between existing physiological models and high-throughput sensor data collected from

individual trees within an orchard. In order to develop crop load management techniques
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which can address trees individual, it is inevitable to develop physiological models to
evaluate the fruit bearing capacity of individual trees and agronomic models to evaluate
the fruit set of the trees relative to the fruit bearing capacity and derive a management
decision out of it. Without such models, the associated application technology capable of
treating trees individually would not be operational.
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Table 1-2

Application of optical sensors for georeferenced mapping of tree parameters in orchards.

Sensor Accuracy
Parameter Crop Sensor type (Predicted vs. Error’ Author
platform
observed)
flower clusters tree-’! pear RGB-Sensor UAV R?>0.7 RRMSE<15 %. Vanbrabant et al., 2020
image pixels belonging to ) - 0 _
flower clusters apple RGB-Sensor GV F1=85.6% Wang et al., 2020
fruit tree”! apple RGB-Sensor UAV Rz2=0.8 RMSE=130. 6 Apolo-Apolo et al., 2020
fruit tree™ apple LiDAR GV F1=85.8% - Gené-Mola et al., 2019
fruit length, width [mm] on tree mango RGB-Sensor GV R2=0.95-0.96 RMSE=4.3-4.9 [mm] Wang et al., 2017
flowers tree™! RGB-Sensor uGgv R2=0.61 CV=17.9%
almond _ Underwood et al., 2016
canopy volume LiDAR uGgv R2=0.94-0.99
canopy volume apple, grape . R2=0.81-0.84 -
_ LiDAR GV Chakraborty et al., 2019
canopy height apple, grape R2=0.59-0.75 -
tree row volume, height, leaf apple, grape, . 2 ) )
area pear LiDAR GV R2=0.84-0.9 Sanz et al., 2018
canopy volume, light ; -0 ] r= . ;
interception mango LiDAR GV r=0.8; r=0.89 Westling et al., 2020
tree height apple LiDQEr;S%?B' GV, AV R2=0.81-0.91 - Hobart et al., 2020
stem diameter, volume . R2=0.83-0.87 RRMSE=9.4-21.6 [%]
) walnut LiDAR AV Estornell et al., 2021
canopy height R?=0.69 RRMSE=12.4 %
light interception sweet cherry light sensor bar GV - RE=1.5-10.3 [%] Zhang et al., 2015
canopy height, canopy volume . R2=0.77-0.87 RRMSE=4.64-5.71 [%] .
] apple LiDAR GV Tsoulias et al., 2019
stem diameter R?=0.88 RRMSE=2.23 %

CV: coefficient of variation, F1: accuracy of the segmentation, r: correlation coefficient, R2: coefficient of determination, RE: relative error, RMSE: root mean
squared error, RRMSE: relative root mean squared error
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1.3. Hypotheses

Small-scale and large-scale spatial variability of canopy parameters and flower and fruit
set is abundant in current apple production systems. Nonetheless, the trees are managed
uniformly, which, for crop load management, can be seen as a major cause of inconsistent
bearing and inter-tree variability in fruit quality. This variability requires technological
solutions to manage individual trees or groups of trees, in order to reduce inter-tree
variability in fruit quality within the whole orchard and reduce possible field losses of fruit
as consequence to the current uniform crop load management. The overall aim of the
study is to consider the variability of tree parameters within orchards utilising individual
sensed plant data and seasonal weather data of the orchard. The sensor data serve as
input variables into a plant physiological model for the fruit bearing capacity of individual
trees, dependant on the desired mean fruit diameter and total leaf area of the tree. The
developed model can serve as a part of a control system for variable rate crop load

management, targeting individual trees.

In order to quantify differences in fruit bearing capacity of orchards and to develop possible
strategies to adapt crop load management to the individual tree level, the following

hypotheses were tested:

1) The total leaf area, flower and fruit set of apple trees appears variable within
commercial apple orchards

2) With the modelled fruit bearing capacity the number of fruit per tree can be
evaluated in terms of a desired mean fruit diameter

3) The average magnitude of fruit quality parameters per tree respond to the
number of photons intercepted per fruit during the growing period

4) Uniform crop load management leads to yield and fruit quality losses considering
individual trees

5) Uniform crop load management of apple orchards leads to inaccurate numbers of
fruit per tree deviant from the optimum number of fruit per tree defined by the fruit

bearing capacity in orchards with inter-tree variability in total leaf area
1.4. Structure of the cumulative dissertation

The thesis starts with an introduction (Chpt. 1) and continues with a series of chapters
(Chpts. 2 to 5) which individually have been published by peer reviewed scientific journals.

In the final chapter 6 the results and theses are discussed, an overview of the results
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obtained is given and an outlook on how crop load management can be improved by using

sensor data in physiological models and how this could be implemented in practice.
Chapter 1: Introduction
Chapter 2: Thinning efficacy of metamitron on young RoHo 3615 apple.

In this chapter, a two years experiment was carried out to evaluate the thinning efficacy of
a new thinning agent for apples. The chapter gives an introduction into chemical fruit
thinning, the inter-year variability in thinning efficacy, and factors which may affect the
thinning efficacy of the applied compounds. It was shown that precise applications based
to the weather conditions can potentially reduce their required frequency, to successfully
reduce the fruit set of apple trees. Furthermore, it was demonstrated, that the labour time
required for crop load management, was reduced by chemical thinning treatments in

comparison to an untreated control.

The chapter is published in Scientia Horticulturae (Penzel and Kréling, 2020). The
research was presented as poster presentation at the 4" Symposium on Horticulture in
Europe in 2021 (Stuttgart, Germany). The research was funded by the Saxon State Office

for Environment, Agriculture and Geology.

Chapter 3: Tree adapted mechanical flower thinning on apple prevents yield losses

caused by over-thinning of trees with low flower set

Mechanical flower thinning is an environmental friendly thinning technique, showing
consistent thinning results independent of weather conditions. In a four years experiment,
mechanical thinning treatments were carried out in two orchards with trees heterogeneous
in flower set. It was shown that trees can be classified according to their flower set. Trees
with low and medium flower set were not able to meet the production target. Consequently,
thinning treatment causes yield losses on trees with low and medium flower set, which are
avoidable. For better comparison of experiments with different setting of mechanical string
thinning devices, an approach was proposed to calculate the kinetic energy that one string

transfers to the tree’s canopy.

This chapter is published in the European Journal of Horticultural Science (Penzel et al.,
2021c). The data was, in part, presented as an oral and poster presentation at the XXX.
International Horticulture Congress in 2018 (Istanbul, Turkey) at the Symposium: Tree fruit
behaviour in dynamic environments (Penzel et al., 2020c). The presentation of the concept
of tree-adapted mechanical flower thinning was honoured with the Young Minds Award for

the best poster presentation. The research was funded by the German Federal Ministry of
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Food and Agriculture and the Landwirtschaftliche Rentenbank, grant number 28-RZ-
51P.013.

Chapter 4: Carbon consumption of developing fruit and individual tree’s fruit

bearing capacity of RoHo 3615 and Pinova apple

A method was established to estimate individual trees’ total leaf area by means of LiDAR
point clouds. The variability in total leaf area per tree was demonstrated in two commercial
orchards of different age. Based on the LIiDAR estimated total leaf area per tree and
measured key carbon related variables of the leaves, the seasonal course of the
photosynthetic capacity of the individual trees was calculated. The photosynthetic capacity
of the trees showed high seasonal fluctuations as response to temperature and solar
radiation as well as variability at the same date among the different trees with varying leaf
area. The fruit growth and dark respiration rates were monitored on random fruit and the
daily fruit carbon requirement of fruit with varying harvest fruit diameter was quantified.
The period of the highest fruit C requirements, which was identical to the periods with the
highest growth rates, were identified in order to limit the trees’ capacity to produce a certain
number of fruit of a mean diameter, which is referred to as the fruit bearing capacity. The
fruit bearing capacity was calculated for randomly sampled trees, targeting the measured
mean fruit diameter. The results indicated that uniform thinning treatment of trees with
variable photosynthetic capacity can lead to sub-optimal numbers of fruit per tree, with

either number of fruit per tree below or above the fruit bearing capacity.

This chapter is published in International Agrophysics (Penzel et al., 2020a). The data was
presented as an oral presentation at the 15t Symposium on Precision Management of
Orchards and Vineyards (Palermo, Italy) in 2019 (Penzel et al., 2021b). The research was
funded by 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.

Chapter 5: Modeling of individual fruit-bearing capacity of trees is aimed at

optimizing fruit quality of Malus x domestica Borkh. 'Gala’

The fruit bearing capacity to produce fruit of targeted diameters ranging from 65 mm -
80 mm of 996 trees of a commercial orchard for the conditions in two consecutive years
was modelled. It was shown that the overall variability in fruit bearing capacity was
consistent in both years. However, the spatial distribution of the trees’ fruit bearing capacity
between both years varied. Consequently, when targeting variable rate application in crop

load management according to the trees’ fruit bearing capacity, the FBC need to be
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mapped annually. The validity of the proposed model in the of two years was demonstrated
with the number and average mass of harvested fruit from randomly sampled trees within
the same orchard. The mean fruit fresh mass and soluble solids content appeared to
correlate to the amount of photons that the tree’s canopy had absorbed per fruit during the
cell expansion stage of the developing fruit. Additionally, the fresh mass and soluble solids
content of individual fruit showed intra-tree variability, which may be reduced with

increasing amounts of photons that the tree had absorbed per fruit.

This chapter was submitted to Frontiers in Plant Science (Penzel et al., 2021a). The data
was presented as oral presentation at the IEEE Workshop on Metrology for Agriculture
and Forestry (Trento, Italy) in 2020 (Penzel et al., 2020b). The research was funded by
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.

Chapter 6. Discussion
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To achieve a high quantity of premium class fruit, chemical thinning is an important component of crop load
management in apples. For this purpose, the triazine-type photosynthetic inhibitor metamitron was registered
for fruit thinning in Germany. Frequent studies demonstrated consistent thinning effects of metamitron on trees
of different apple and pear cultivars. In the present study, the efficacy of metamitron applied at a low con-
centration (165 gha~!) was investigated in 2016 and 2017 on young 'RoH03615' apple trees, planted in 2014.
The highest fruit set reduction was achieved when metamitron was applied twice. Single application, in contrast,
led to variable results and pointed out the strong dependence of the thinning efficacy of metamitron on fa-
vourable weather conditions. Adding citric acid or the growth regulator prohexadione-Ca in combination with
ammonium sulphate did not affect the thinning efficacy of metamitron. The fruit quality was high in any
treatment and no effects of thinning treatment on fruit colouration or percentage of skin russeting were ob-
served. Consequently, metamitron is an effective fruit thinning agent for young apple trees, which can be ad-

ditionally used in combination with the mentioned substances, while maintaining a high fruit quality

1. Introduction

Important quality attributes of apples, determining the market
value, are fruit size and colouration. These parameters are positively
correlated with the tree-specific leaf area to fruit ratio (Hansen, 1980;
Palmer, 1992) and, consequently, with the fruit carbohydrate supply.
Low carbon supply reduces fruit growth (Zibordi et al., 2009; Lakso and
Goffinet, 2017) and potentially delays fruit development. The reduction
of crop load increases the leaf area per fruit ratio within individual trees
and thus improves the carbon supply per fruit. This, in turn, enhances
fruit size and quality and is, therefore, an essential tool in fruit pro-
duction. Crop load reduction can be achieved by reducing the number
of flower buds per tree via pruning (Breen et al., 2015), mechanical
removal of flowers (Kon et al., 2013) or by triggering fruit abscission
(Bangerth, 2000), e.g. as reaction of trees to carbohydrate deficit, or by
increasing the competition for carbohydrates between fruit and other
sink organs (Byers et al., 1990; Zibordi et al., 2009).

The triazine-type herbicide metamitron acts as photosynthesis in-
hibitor and restricts the photosynthetic electron transport, affecting the
photochemical efficiency and consequently the carbon assimilation of
the leaves. Metamitron can be active for up to 29 d after application,
depending on cultivar, applied concentration and fruit development
stage (Kopcke, 2004; McArtney et al., 2012; Gonzalez et al., 2019). This

* Corresponding authors.

substance affects the carbon supply to demand-balance within trees,
which potentially leads to a carbon supply deficit for the individual
fruit. Therefore, metamitron is an effective thinning agent for apples
when applied once or twice in the period from petal fall to 20 mm fruit
diameter at concentrations of 150—700gha~! (Kopcke, 2004; Stern,
2014; Gonzalez et al., 2019). However, the temperature before, during
and after the application is crucial for the thinning efficacy of meta-
mitron (Clever, 2018). When the carbon demand of all fruit exceeds the
supply for more than 3 d, abscission of surplus fruit potentially adapts
the sink demand for carbon to the actual conditions (Lakso, 2011). High
temperatures, especially at night, promote fruit abscission (Kondo and
Takahashi, 1987) due to increased growth rates of fruit and terminal
shoots. Furthermore, high temperatures generally enhance the mi-
tochondrial respiration of tree organs and, thus, the sink strength for
carbohydrates. Additionally, low photon flux rates during the rapid
foliage development in the early season (i.e. two to three weeks after
full bloom) intensify this effect (Lakso, 2011).

Therefore, the susceptibility of fruit to thinning agents is highest
during the initial three weeks after full bloom on warm days with low
solar radiation (S) (Lakso et al., 2006). Recent reports specified the
required weather conditions for effective thinning with metamitron in
the period from 5 d prior to 5 d subsequent to the application as night
temperatures > 10°C and S > 16 MJm 2 d~! for at least 2-3 d
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(Clever, 2018). To optimally schedule the application of metamitron,
warm days with low solar radiation should be forecasted. However, the
prediction of the efficacy of fruit abscission as a response to the thin-
ning treatment from measured temperature and solar radiation is cur-
rently not possible, because it has not yet been related to accumulated
heat units or photothermal units. So far, to quantify fruit abscission,
manual measurements of the growth of individual fruit are necessary to
predict thinning response, because those fruit going to abscise will
terminate their growth (Greene et al., 2013).

In 2016, metamitron was registered as fruit thinning agent for ap-
ples and pears in Germany at concentrations between 165gha™! —
330 gha™'. The application recommendations of the product advise not
to apply metamitron for thinning of apples and pears in orchards
younger than 4-5 years and 7-8 years, respectively. However, both
young and mature trees require crop load management to balance the
generative and vegetative growth and to ensure flower bud develop-
ment for the subsequent year. To avoid disproportionate or un-
predictable effects, the lowest concentrations of metamitron re-
commended by the manufacturer for mature trees should be used on
young trees, also, due to economic considerations. The compatibility of
metamitron with other compounds in one tank-mix has not been suf-
ficiently investigated or the findings have not been published, and,
therefore, results are limited to studies with metamitron in combination
with surfactants (Kopcke, 2004). No agent, so far, has been identified to
increase or reduce the thinning efficacy of metamitron. In practice,
knowledge on compatibility of metamitron with other compounds,
applied to apple trees in the same period, would be beneficial in order
to reduce the frequency of single applications in orchards, to potentially
increase thinning efficacy of metamitron, to reduce the risk of over-
thinning and to avoid adverse effects.

The aim of the present study was to evaluate (i) the optimal timing
for the application of a low concentration of metamitron on young trees
of the apple cultivar 'RoH03615', and, (ii), whether additives can in-
fluence the thinning efficacy of metamitron.

2. Materials and methods

Two field trials were carried out in 2016 and 2017 on trees of Malus
x domestica BorkH. 'RoHo 3615'/M.9 (a red mutant of 'Pinova'; Evelina®)
planted in 2014 in a sandy loam soil at the Saxon State Office for
Environment, Agriculture and Geology research orchard (51.003919 N,
13.887303 E) in Dresden, Germany. Trees were trained as a slender
spindle with a spacing of 3.2 m X 1.0 m. The orchard was managed
according to the federal regulations of integrated production. The trial
was arranged in randomised blocks with four replications of five-tree
plots per treatment. To minimise the variance between the trees, those
with a similar numbers of flower clusters (FC) were pre-selected (2016:
165 + 29 FC; 2017: 149 *= 18 FC). Flower clusters per tree were
counted manually and the variance analysed at confidence level = 5 %.
Full bloom was on 03.05.2016 and 27.04.2017. Metamitron at
165gha~' (Brevis, Adama Deutschland GmbH, Koln, Germany) was
applied with a tunnel sprayer (TSG NO1, Lipco, Sasbach, Germany),
using a water volume of 500L ha™?!, twice, at D = 8 mm and 12 mm;
once at D = 8mm; once at D = 12mm; once in tank-mix with
106 gha™' prohexadione-Ca and 563gha”! ammonium sulphate
(Regalis®Plus, BASF SE, Ludwigshafen, Germany); once at D = 8 mm in
tank-mix with 500 gha™! citric acid. Furthermore, 150 gha™' 6-ben-
zyladenine (6-BA; Exilis®, Fine Agrochemicals Ltd., Worcester, UK) was
applied at D = 8 mm for comparison while the controls remained un-
treated. The applications were carried out 16 d after full bloom (DAFB),
24 DAFB in 2016 (D = 8 mm: 19.05.; D =12 mm: 27.05.) and 23 DAFB,
31 DAFB in 2017 (D =8 mm: 17.05.; D =12mm: 25.05.). The tem-
perature at 2m height and solar radiation, S, were recorded in 1h in-
tervals in the periods from 5 d prior to 5 d subsequent to the applica-
tions with a PT100 temperature sensor and a pyranometer, in the
spectral range from 350 nm to 1100 nm, attached to a weather station
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(TOSS GmbH, Potsdam, Germany) located in the same orchard. From
the hourly temperature (Ty), the accumulated growing degree hours
(GDHryp) in the periods 5 d prior, 5 d after and + 5 d from each ap-
plication, were calculated (Eqn. 1); Ty is the optimum temperature for
growth and Ty the base temperature, which were set to 25 °C and 10 °C,
respectively (Anderson et al., 1986). The average temperatures at night
(Thighe) and day (T4ay) were calculated, considering the hours when S
was = 0 and > 0, respectively. The average daily integral of S, Sgaily, in
the same periods was expressed in [MJ m~2 d~'].

GDHrg = Z?:"hl (To-T)-2-(+cos(m+7- (T -T) (Tu-Ty) - 1)

In 2016 at 20 DAFB, 24 DAFB, 30 DAFB, the actual quantum yield of
linear electron transport through PSII (¢psy; (Fm' — FO) - Fr' ™ 1) was
measured around noon on 5 exposed spur leaves per treatment in 1.2 m
height under ambient daylight conditions, using a portable chlorophyll
fluorometer (JUNIOR-PAM, H. Walz GmbH, Effeltrich, Germany). F,' is
the maximum fluorescence signal, obtained after a saturating light
pulse, while F, denotes the terminal steady state fluorescence signal at
the ambient light conditions (Matyssek and Herppich, 2019). Rates of
photosynthetic electron transport through PSII, Jp [umol m~2 s™'],
were estimated (Eqn. 2; c.f. Herppich et al., 1998) as

Jr = ¢psi - PPFR - L, - f 2

The photosynthetic photon flux rates, PPFR [umol m~2 s~ '], were
estimated by multiplying ambient S, S, [W m™2], with the conversion
factor 4.57 (McCree, 1972). The fraction of photons absorbed by leaves,
L,, and the light distribution factor, f, between PS I and PS II were set to
0.85 (Palmer, 1977) and 0.5, respectively. The average reduction in Jg
in comparison to the control, Jg, rp [%], was calculated as (Eqn. 3)

JF; RD = 100 - (meanJF’ treatment * rneanJF) contr0171 -100) 3

After physiological fruit drop, all trees were hand thinned to one or
two fruit per cluster and the number of removed fruit per tree, HTF
[fruit tree '], recorded (20.06.2016; 30.06.2017). The fruit set after
physiological fruit drop, FS [fruit cluster "'], and the thinning efficacy
of the different treatments in comparison to the control, Eff [%], were
determined for every tree (Egs. 4, 5).

FS = (F+ HTF) - FC™' (4
Eff = 100 - (FStreatment * meanFscontrol71 - 100) )

All fruit were harvested when a starch index [1-10] of 5 (Zude-Sasse
et al., 2000) was achieved (29.09.2016, 27.09.2017). The harvested
fruit of each individual tree, F [fruit tree '], were size and colour
graded and the fresh mass, FM [g], of the individual fruit determined
with a commercial grading machine (Vision, Aweta, Pijnacker, The
Netherlands). In 2016, subsamples of 100 randomly selected fruit per
treatment were manually assessed for the percentage of skin russeting
on the fruit surface. To assess the effect of the thinning treatments on
the flower clusters per tree in the subsequent year, FCy, 1, FCyr 41 was
counted before flowering (2017: -13 DAFB; 2018: -10 DAFB).

The variances of F, FC, FCy,,1, FM, FS, Jg, percentage of yield
with > 60 % red skin, percentage of russeting on fruit surface and yield
between the different treatments (confidence level = 5 %) were ana-
lysed with the software R (Version 3.4.1; R Core Team, 2018) using the
package userfriendlyscience (Peters, 2018).

3. Results and discussion

3.1. Weather conditions in the period 5 d prior to 5 d subsequent to the
application

In 2016, the minimum requirements for successful thinning with
metamitron (Clever, 2018) were exceeded in the periods = 5 d of both
applications (Table 1). Both, the night temperatures and the
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Table 1
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Time of application of thinning treatments and average temperatures at night and day (Tnight, Taay,), average daily integral of solar radiation (Sgaiiy) and accumulated

growing degree hours on base of 10 °C (GDH;o-c) in the period from 5 d prior to 5d after thinning applications.

Year Time of application Period Thight ['C] Taay ['C] Sdaity [MJ m?2d?] GDH;gc
2016 8 mm, 5 d prior application 7.9 11.7 13.4 285
16 DAFB 5 d after application 14.0 19.8 16.3 997
application = 5 d 11.1 15.6 14.6 1282
12mm, 5 d prior application 14.4 18.7 14.4 909
24 DAFB 5 d after application 15.4 20.7 15.1 1132
application + 5 d 14.9 19.7 14.6 2040
2017 8 mm, 5 d prior application 12.3 20.2 19.7 872
23 DAFB 5 d after application 14.3 18.0 20.4 1011
application + 5 d 13.3 19.5 19.9 1884
12mm, 5 d prior application 10.7 16.6 18.2 703
31 DAFB 5 d after application 15.4 21.3 23 1232
application + 5 d 135 19.9 20.6 1935
accumulated GDH;-c were considerably higher before the application 40 A
at D = 12mm than before that at D = 8 mm. Therefore, the weather A
conditions before the treatment at D = 12 mm were more beneficial for ottt
fruit thinning, which was also visible in the thinning efficacy. In 2017, 30 1
the night temperatures during both thinning treatments were perma- ey A
nently above 10°C, but solar radiation dose did not drop below = [} , »
16MIm2d £ 207 ey L
In 2017, in the period 5 d after application at D = 12 mm, GDHjo-c %" A \.\\ 7 ’
were slightly elevated in comparison to 5 d after application at D = 10 1 \yi\
8 mm. However, no difference in thinning efficacy of single application 7 ’ NN -
of metamitron occurred between the two application dates. Thinning @ e N
efficacy of metamitron applied at D = 12 mm in 2017 was lower than 0 - G g %
thinning efficacy of the same treatment in 2016, despite GDH; -c after ! ! '
the application exceeded that of 2016. However, night temperature 16 24 32
prior application at 12 mm D was elevated, and solar radiation 5 d prior Time [DAFB]

and subsequent to the application was reduced in 2016 in comparison
to 2017, possibly explaining the differences in thinning efficacy.

The required temperatures for effective fruit thinning with 6-
BA, > 20°C after the application (Yuan and Greene, 2000), were not
achieved in both years.

3.2. Photosynthetic performance of leaves subsequent to the metamitron
application

In 2016, photosynthetic electron transport rates, Jg, were highest in
control leaves at any measurement day (Table 2, Fig. 1), but were not
significantly different from leaves treated with 6-BA. Four days after the
first application, Jr was reduced in leaves treated with metamitron if
compared to the controls and leaves treated with 6-BA. The same was
valid 8 d after metamitron application. On these days, chlorophyll
fluorescence was measured prior to the 2" application of metamitron.
Compared to the measurements at 8 d after the 1** application, Jg, rp of
leaves treated once with metamitron at D = 8 mm was lower than 14 d
after application. However, 14 d after application, differences in

Table 2

Fig. 1. Relative reduction in the actual photosynthetic electron transport
through PS II (J, rp) of leaves (n = 5) of 'RoHo 3615’/M.9 apple trees in re-
sponse to chemical thinning treatment at different dates in 2016. (Open
circle = control; closed triangle = metamitron* applied at 16 DAFB and 24
DAFB; closed square = metamitron* applied at 16 DAFB, closed dia-
mond = metamitron* applied at 24 DAFB, open diamond =150g ha™' 6-
benzyladenine applied at 16 DAFB with 500 L ha~! water. *) 165 gha ™! with
500L ha™' water).

comparison to untreated leaves still persisted (Table 2). Also, the
standard deviation (SD) in Jr was higher for leaves treated with me-
tamitron in comparison to untreated leaves (Table 2). A minor decrease
in SD of Jr with time was observed. On leaves treated twice with me-
tamitron, SD of Jr was highest 14 d after the first application, likewise
Jr; rp, @s a consequence of the additional photosynthetic inhibition,
when Jr was already reduced.

The results indicated that metamitron was presumably metabolised
within the third week after the applications. In leaves of 'Cameo' apple
trees treated with 300 gha™' metamitron, Jp recovered to the initial

Means ( = SD; n = 5) of the actual photosynthetic electron transport rates through PS II (Jg) of leaves of 'RoHo 3615'/M.9 apple trees in response to chemical
thinning treatments at 18 d after full bloom (DAFB), 22 DAFB and 28 DAFB in 2016. The respective average ambient photon flux rates (PPFR) were 1800 pmol m ~ 2
s~ 1, 1600 umol m? s~! and 1200 umol m~2 s~ . All treatments were applied with 500 L. ha~! water. Superscript letters indicate significant differences between

means.

Treatment Time of application 20 DAFB 24 DAFB 30 DAFB
Control - 594 + 10° 479 + 16° 372 + 16¢
Metamitron® 16 DAFB, 24 DAFB 519 + 66° 361 + 102° 244 + 89°
Metamitron’ 16 DAFB 471 + 20° 406 + 75° 349 + 27°
Metamitron® 24 DAFB - 475 + 13° 284 + 63°
6-BAZ 16 DAFB 572 + 51° 468 + 19° 360 + 18°
Metamitron', prohexadione-Ca®, (NH,),SO, * 16 DAFB 474 = 37° 402 + 83* 322 = 19°°
Metamitron®, citric acid® 16 DAFB 509 * 56° 405 = 87* 341 + 31%

D165gha~!; 2 150gha™!; ¥ 106 gha™'; ¥ 563gha~!; ® 500 gha ™"
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value before treatment within 5 d subsequent to the application
(McArtney et al., 2012), whereas in 'Fuji' and 'Gala' apples, the period of
photosynthetic inhibition, as a consequence of the treatment with me-
tamitron, persisted longer than 20 d after the application (Gonzalez
et al.,, 2019). Fitted curves of the relative photosynthesis inhibition
demonstrated differences among cultivars (Gonzalez et al., 2019). Ad-
ditionally, the phenological stage strongly affected the duration of the
inhibition of photosynthesis (Kopcke, 2004). Photosynthesis remained
inhibited for up to 29 d when metamitron was applied at petal fall.
However, on 'Elstar' and 'Golden Delicious' trees treated with
200 gha™! metamitron, actual photosynthetic efficiency of the leaves
fully recovered within 16 d after treatment when the agent was applied
at D = 6-8 mm, similar to the findings in the presented trial.

The addition of prohexadione-Ca and ammonium sulphate or citric
acid did not affect the photosynthetic electron transport in comparison
to the sole application of metamitron at D = 8 mm (Table 1). This
confirms earlier findings that the addition of the surfactant Polysorbate
20 did not further reduce the photosynthetic activity of treated leaves in
comparison to the exclusive use of metamitron (Kopcke, 2004). The
surficial absorption of metamitron by apple leaves generally enables the
transport to the PS II, because 2h after its local application the sub-
stance can be located evenly distributed among the vessels of the entire
leaf (Kopcke, 2004). At 6 d after the ond application, Jr was 34 % lower
than that of the controls, whereas that of leaves treated once at D =
12 mm was reduced by 23 % and, thus, similar to the results obtained
by one application of metamitron at D = 8 mm (Fig. 1). An additional
temperature effect on Jr could not be observed, since Ty at each mea-
surement ranged between 22 °C and 23 °C.

3.3. Thinning efficacy of metamitron treatments

In both years, the reduction of fruit per tree was highest on trees
treated twice with metamitron (Table 3), probably due to the length of
Jr reduction in comparison to that after a single application (Fig. 1). In
2016, however, differences in the thinning efficacy between the dif-
ferent single applications of metamitron occurred. When applied at D =
12 mm, fruit set was reduced by 26 % in comparison to the control,
which was not significantly different from the thinning efficacy at the
double-application of metamitron. In contrast, fruit set was not reduced
in any metamitron treatment at D = 8 mm. The stronger reduction at D
= 12mm can be explained by the higher Tq,, and Ty;gn in the periods
before and after application and slightly reduced solar radiation 5 d
after application (Table 1). The phenological stage in the range from D

TabPlease let Tab 3 appear after Tab 2le 3
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= 8mm to D = 12mm had no effect on the thinning efficacy of me-
tamitron because no differences between both treatments occurred in
the following year. In general, application of metamitron alone can be
used for effective thinning of apple trees until D = 20 mm (McArtney
and Obermiller, 2012). In contrast to 2016, thinning efficacy after
single application of metamitron at D = 8 mm, was, indeed, higher in
2017. The results further highlighted the pronounced effect of the
weather conditions on the thinning efficacy of low concentrations of
metamitron. The data tendentially supposed a slight increase in the
thinning efficacy when accumulated GDH; ¢-c was increased in the days
before and after the metamitron treatments ( = 5 d).

The presented results confirm earlier finding on young
'Summerred'/M.9 apples that 165 g ha™ ! metamitron given once at D =
15 mm or twice at D = 15 mm and 19 mm significantly reduced fruit set
(Maas and Meland, 2016). However, the number of flower clusters in
the subsequent year was only enhanced in comparison to the controls at
double application. At 330 gha™' metamitron, applied once or twice,
over-thinning appeared on the young trees in the above study. Double
application of a low concentration (150 gha™") reduced fruit set of
mature 'Gala' trees in a warm climate, where Ty;gp, after application
rose above 20 °C (Stern, 2014). In general, on mature apple trees, no or
only low reduction in fruit set subsequent to the application of low
concentrations (< 165 gha™!) of metamitron was expected, especially
when applied once (cf. Gonzalez et al., 2019). Despite of the young age
of the trees, the canopies nearly filled out the allotted space within the
rows from the third year (2016). Hence, a dosage larger than
165 gha™! metamitron may have been helpful to improve thinning
during a single application, particular when applied at 8 mm in both
years and at 12 mm in 2017. However, since the manufacturer advised
not to thin young trees with metamitron, only low concentrations were
applied, to avoid unpredictable thinning effects.

The addition of prohexadione-Ca and ammonium sulphate, which is
often applied in commercial production to control vegetative growth of
the trees, did not affect the thinning efficacy of a single application of
metamitron (Table 3). Thus, it can potentially be added when meta-
mitron is applied for fruit thinning without negative consequences. The
same is valid for citric acid, which was added to metamitron to po-
tentially facilitate the dissolving of the water-soluble granulate and the
absorption of the substance by the leaves. As described before, the
absorption of metamitron by the leaves was already sufficient. There-
fore, the thinning efficacy could not be enhanced by the addition of
citric acid in both years. Furthermore, application of 6-BA did not re-
duce the number of fruit per tree in treated trees compared to controls,

Effect of chemical thinning treatments on fruit tree ™!, fruit set (FS, fruit flower clusters ™ 1), thinning efficacy (FS of the treatments relative to ™**"FS of the controls),
number of hand-thinned fruit tree ™! (HTF) and HTF per flower clusters on 'RoHo 3615'/M.9 trees in two consecutive years. Superscript letters indicate significant

differences between means.

Treatment Fruit diameter at application (mm) Fruit tree! FS Thinning efficacy HTF HTF clusters ™’
after fruit drop after fruit drop [%]
2016
Control 173¢ 1.06" ob 824 0.51¢
Metamitron® 8,12 104° 0.74 30° 34 0.24°
Metamitron® 8 158> 0.98° 6> 71¢d 0.44%4
Metamitron® 12 139° 0.79% 26% 51° 0.30%
6-BA? 8 164 0.99° 7° 724 0.43
Metamitron®, Prohexadione-Ca®, (NH,),SO, * 8 143° 0.92° 14° 60" 0.39%¢
Metamitron®, Citric acid® 8 164> 0.95" 11° 70 0.41%4
2017
Control 204" 1.43¢ 0¢ 93¢ 0.64°
Metamitron® 8,12 129° 0.83° 40° 36° 0.24°
Metamitron’ 8 181° 1.19° 14° 73" 0.48°
Metamitron® 12 182° 1.23% 12° 78b¢ 0.53%
6-BAZ 8 177° 1.15° 145 73° 0.49"
Metamitron®, Prohexadione-Ca®, (NH,),SO, 8 176" 1.28% gbc 75b¢ 0.55"
Metamitron®, Citric acid® 8 180° 1.24% 115 77° 0.53%

D165gha~!; 2 150gha™!; ¥ 106 gha™'; ¥ 563gha~!; ® 500 gha ™"
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which was due to the unfavourable weather conditions. The thinning
efficacy of 6-BA-treated trees did not differ from thinning efficacy on
trees after a single application of metamitron at D = 8 mm in both
years. The capacity of the trees to bear high quality fruit, named fruit
bearing capacity (FBC), was estimated from the number of leaves of two
randomly selected trees per year divided by 30 (2016: FBC = 90; 2017:
FBC = 105). Previously, 30 leaves were reported to be necessary to
achieve maximum fruit growth rates (Haller and Magness, 1933). In
both years, only the double application of metamitron reduced the
number of fruit per tree to nearly the FBC, whereas the natural fruit
drop in the controls reduced the fruit per tree to almost double of the
FBC. Knowledge of the FBC is important to define a target fruit number
per tree for crop load management (CLM) and to evaluate the actual
crop load at any time during the season to plan further CLM practices
(Robinson et al., 2017). In practice, if the first application of metami-
tron or any other chemical thinning compound did not sufficiently re-
duce the crop load, a second application may be necessary. This deci-
sion should be well-considered because a second application, especially
after a short interval of 5 d, can also cause over-tinning of the trees as a
consequence of the prolonged period of photosynthetic inhibition.
Kopcke (2004) suggests the application of metamitron for thinning
when the target fruit number per tree exceeds actual fruit per tree by
minimum 30 %. For the estimation of fruit abscission after chemical
thinning treatments, Greene et al. (2013) developed a model where the
number of fruit which will abscise can be quantified from measure-
ments of the diameter of random fruit 3-4 d and 7-8 d after each
treatment. The model assumes that fruit, with growth rates in D < 50 %
of growth rates from fruit with the highest growth rates, will abscise.
This model can be helpful for decision making.

3.4. Effect of thinning treatments on the number of hand thinned fruit, fruit
quality and return bloom

After fruit drop has ended, hand thinning of surplus fruit is still an
important component of crop load management. In the present trials,
the number of hand-thinned fruit per tree to FBC was opposite to the
thinning efficacy and, therefore, lowest when metamitron was applied
twice. The crop loads in these treatments were hand-thinned below the
FBC, because after the thinning treatments at some clusters more than
two fruit remained, potentially leading to low fruit size. Therefore, in
both years, the yield was reduced when metamitron was applied twice

Table 4
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compared to the controls and the other treatments (Table 4). In 2016,
the number of hand-thinned fruit after a single application of meta-
mitron at D = 12 mm was lower compared to a single application at D
= 8 mm and that of 6-BA. The results of the latter treatments were not
different from the control. In 2017, the number of hand-thinned fruit
was reduced compared to controls and similar to the 6-BA treatment,
when metamitron was applied once at D = 8 mm. No differences to
control was recorded for trees, treated with metamitron at D = 12 mm
or with metamitron combined with prohexadione-Ca and ammonium
sulphate or citric acid. The time necessary to thin one apple per hand is
assumable 1.5s. Based on this assumption, the required time to hand
thin one hectare of orchard, tyr [h ha~!], can be estimated (tyr =
HTF1.5s - tress - ha™! - 3600~ 1). In 2016 and 2017, hand thinning of
1 ha in the present orchard with 3125 trees ha~! would have required
108 h and 121 h, respectively, in the controls. The differences between
both years were expected, because of differences in flower clusters per
tree, magnitude of natural fruit abscission and FBC, which was slightly
enhanced in 2017 in comparison to 2016, due to the progressed growth
of the young trees. Nevertheless, when metamitron was applied twice,
the time to hand-thin 1 ha would have been reduced to 44 h and 48 h, in
2016 and 2017 respectively. In comparison, in 2016, when metamitron
was applied once at D = 12 mm, tyr would have been reduced to 67 h
ha™?, which is a reduction in comparison to the controls by 62 %.

From an economical perspective, the optimum timing for a single
application of metamitron at a low concentration would be generally
preferred. It was demonstrated that a single application of a low con-
centration can reduce fruit per tree almost as effective as a double
application, with slightly enhanced tgr. In 2017, however, thinning
efficacy at the single applications of metamitron was considerably
lower than for the double application, because the mutual effect of high
temperature and low solar radiation were not as beneficial for thinning
as in 2016. Therefore, the appearance of beneficial weather conditions
and a precise weather forecast are crucial for apple fruit thinning with a
single application of metamitron at a low concentration.

The fruit quality was high in all treatments (Table 4) because of the
additional hand-thinning after fruit drop. The highest percentage of
fruit with diameters below 70 mm was 3.8 % on trees thinned with 6-
BA in 2016. The red skin colour, which is one important quality attri-
bute of 'RoHo 3615', was high in the fruit of any treatment. Metamitron
did not cause skin russeting, which naturally appears in a low percen-
tage around the pedicle of 'RoHo 3615'. Return bloom, expressed as

Effect of chemical thinning on yield parameters and flower clusters per tree in the subsequent year, FCy, 1, of ‘RoHo 3615’/M.9 trees in two consecutive years.

Superscript letters indicate significant differences between means.

1

Treatment Time of application  Fruit tree” Yield [kg] Fresh mass Yield > 60 %  Fruit with skin russeting FCyr i1
harvest [g] red skin > 10 % of fruit surface
[%] [%]
2016
Control 91® 18.3° 203.4° 772 442 1472
Metamitron® 8mm, 12mm 702 14.5% 208.4° 847 492 161°
Metamitron® 8 mm 87" 17.5° 200.6* 75° 36° 150°
Metamitron® 12mm 86" 17.5° 203.0° 7820 482 148°
6-BA> 8mm 92° 18.2° 198.3° 762 482 146°
Metamitron’, Prohexadione-Ca®, 8mm 83° 16.3% 198.6° 8g® 432 1427
(NH,),80, *
Metamitron®, Citric acid* 8mm 92° 18.1° 195.5% 762 442 146°
2017

Control 111° 19.8° 177.7% 96° - 1420
Metamitron® 8mm, 12 mm 912 17.22 189.6° 962 - 159¢
Metamitron® 8mm 108° 19.2%° 177.7° 942 - 133%
Metamitron® 12 mm 104° 18.6° 180.72° 97° - 1272
6-BAZ 8mm 104° 18.5%° 176.8% 942 - 155¢
Metamitron®, Prohexadione-Ca®, (NH,),SO, * 8mm 1012° 17.9%° 175.5° 952 - 123°
Metamitron®, Citric acid® 8mm 103% 18.72° 179.6%° 94° - 129%

D 165gha~!; 2 150gha!; ¥ 106 gha™; ¥ 563gha~!; ¥ 500 gha ™"
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flower clusters per tree in the year after thinning treatment (FCy, 1),
was enhanced in 2017, when in 2016 metamitron was applied twice
(Table 4). In 2018, return bloom was reduced, when in 2017 metami-
tron was applied once at D = 12 mm and at D = 8 mm in tank-mix with
prohexadione-Ca and ammonium sulphate. Because, 'RoHo 3615' has a
general low susceptibility to alternate bearing, FCy,,; in the year after
the metamitron application was, nevertheless, sufficient to achieve the
FBC of the trees, assuming that each flower cluster can generate
minimum one fruit at harvest (Breen et al., 2016).

4. Conclusion

Metamitron effectively reduced the actual photosynthetic perfor-
mance (Jg) of the leaves of young apple trees of the cultivar 'RoHo
3615’ at a low concentration, when applied once, for at least two weeks.
However, fruit set reduction was only achieved when warm weather
conditions promoted the fruit abscission in the days prior and sub-
sequent to the application. The results pointed out that metamitron
applied once can be used for successful fruit thinning of young 'RoHo
3615' apple trees at a low rate (165 gha™'), under conditions of high
night temperatures and low solar radiation during the day.

When metamitron was applied twice, Jr was further reduced and
the period of photosynthetic inhibition extended, leading to consistent
thinning results. The combination with citric acid or prohexadione-Ca
and ammonium sulphate caused similar reductions in Jr as metamitron
alone, without any additional effect on fruit thinning or fruit quality.
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Summary

Flower thinning compromises the continuous
yield and fruit quality in the production of apple fruit.
The aim of the present study was to investigate the
potential of managing spatial heterogeneity in flower
set by adapted tree-individual mechanical flower
thinning. In the years 2011, 2014-2016, commercial
orchards of ‘Elstar’/M26 and ‘Gala’/M9 trained as
slender spindle, with an abundance of varying flower
set were mechanically thinned at balloon stage (BBCH
59) with the Darwin 250 device at constant vehicle
speed of 8 km h' with varying rotational frequency
ranging from 200 revolutions per minute (rpm) to
380 rpm. Rotational frequency of the thinning device
was translated to average Kinetic energy (E., [J1)
that one string transfers into the canopy. Thinning
treatments ranged between 0.15 J and 0.66 ]. For low
and medium flower sets, majority of trees underrun
production target of 119 fruit and, therefore, no
thinning was necessary. Treatments >0.23 ] caused
yield loss by over-thinning without any positive effect
on fruit mass. At high flower set, thinning treatments
of 0.23 ] and 0.33 ] were adequate settings to reduce
crop load in ‘Elstar’ and 0.33 ] in ‘Gala’ without yield
loss. The concept of tree adapted flower thinning in
comparison to field uniform thinning would result in
the avoidance of yield loss by over-thinning of trees
with low and medium flower set by 1.4-4.2 t ha! in
‘Elstar’ and 2.6-7.6 t ha! in ‘Gala’. Results indicate the
importance of quantifying flower set for precisely
defining the intensity of thinning treatment according
to the tree’s yield capacity.

Keywords
crop load, ‘Elstar’, fruit quality, fruit tree, ‘Gala’, precision
horticulture, yield

Introduction

Apple trees develop an excessive quantity of flowers ex-
ceeding the fruit bearing capacity of the tree (Lakso, 2011).
This physiological characteristic is desirable regarding
yield reliability even in the case of negative environmental
impacts, e.g., late frost, hail and rain, which can cause un-
favourable pollination conditions and reduce flower and
fruit set (Heinicke, 1917; MacDaniels and Heinicke, 1929).
Consequently trees frequently bear more fruit than can be
supplied appropriately with carbohydrates (Lakso, 2011),
leading to minor fruit size and alternate bearing (Jonkers,

. elHS
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/ Significance of this study

What is already known on this subject?

 In former studies, the principle of mechanical thinning
with varying parameters was intensively investigated
in apple. The spatial variability of soil was shown for
many orchards and heterogeneity in flower set is well
known in practise.

What are the new findings?

» With the proposed method, the actual impact of
mechanical thinning becomes comparable by utilizing
kinetic energy as one major variable of the thinning
treatment. It is shown that field uniform thinning is
a cause for yield loss on trees with low flower set,
while tree-adapted thinning can optimize the process
considering fruit quality and yield.

What is the expected impact on horticulture?
« Cultivars showing high variability of flower set can be
managed more precisely resulting in enhanced yield.

Journal of

1979; Looney, 1993). Endogenous regulation mechanisms of
the tree initiate the reduction of crop load by means of fruit
abscission. The fruit drop captures unfertilized and poorly
developed fruit, which are dominated by fruit with adequate
supply of exogenous and endogenous growth factors, visu-
ally measureable by common number of seeds (Luckwill,
1953; Bangerth, 2000). The endogenous regulation of fruit
drop is, however, often insufficient to reduce crop load to
the optimum level considering fruit quality and prevention
of alternate bearing. Therefore, management of surplus fruit
is required. The optimum crop load of a tree highly depends
on the target of fruit size and the availability of resources,
especially carbohydrates and water, per fruit. The supply
of carbohydrates is limited by the leaf area to fruit ratio of
the tree (Haller and Magness, 1933; Preston, 1954; Silberei-
sen, 1966; Hansen, 1969, 1977). Crop load management can
effectively adjust the leaf area to fruit ratio and, therefore,
increase fruit growth rate and advance maturity of apple
(Palmer etal.,, 1997; Wiinsche et al., 2000). Until the first half
of the 20™ century, hand thinning was the only production
measure of crop load management (Dennis, 2000). Mean-
while, chemical thinning has been widely accepted in prac-
tice as efficient method for flower and fruit thinning. Howev-
er, the efficacy depends highly on weather conditions and the
thinning intensity is frequently hardly predictable (Stover
and Greene, 2005). As an alternative, devices for mechani-
cal flower thinning were developed during the last 30 years
with more reliable effects (Schroder, 1996; Bertschinger et
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al,, 1998; Damerow et al., 2007). The principle is based on a
rotating spindle with elastic strings, which remove flowers
and flower clusters by the mechanical impact. The spindle is
driven by a mechanical or hydraulic system, which allows the
adjustment of rotational frequency in revolutions per min-
ute (rpm). The intensity of flower thinning depends of the
length of strings, the rotational frequency and the speed of
the vehicle. Enhanced rotational frequencies increases flow-
er removal (Zoth, 2011; Kon et al,, 2013; Penzel et al., 2020)
by the enhanced kinetic energy (E,,), which is transferred
by the strings into the canopy. The speed of the tractor in-
fluences the frequency of hits per tree. The approach of an
integrated thinning coefficient described by Solomakhin
and Blanke (2010) regards most of these factors and also in-
cludes the factor “Fruit set before June drop” in percentage of
the flowers. However, the latter doesn’t allow comparing the
effects of different treatments on trees with varying flower
set, because the flower set dominates the resulting fruit set
compared to the effect of the thinning intensity. The formula
developed by Zoth (2011) totalizes the kinetic energy, which
every centimeter of one string transfers into the canopy.

Apart from the intended treatment, the strings also hit
branches and spur leaves emerging earlier than flowers (Kon
et al,, 2013). Therefore, it is assumed that mechanical thin-
ning has an effect on ethylene production and export from
the tissue (Kong et al.,, 2009), which might trigger fruit ab-
scission (Bangerth, 2000). In general, flower thinning us-
ing a mechanical thinning device potentially improves fruit
quality and supports return bloom the same way as chemical
or mechanical hand thinning (Weibel et al., 2008; Hehnen,
2012). Moreover the profitability can be enhanced due to re-
duction of labor input (Schupp et al., 2008). Consequently,
machine flower thinning is an effective and environmental
friendly way of crop load management (Solomakhin and
Blanke, 2010), which can also be applied in organic fruit
production (Weibel et al., 2008; Sinatsch, 2014) and at any
weather condition. In practice, mechanical thinning is per-
formed with field-uniform rotational frequency in the entire
orchard, not considering the tree’s individual flower set.
This can potentially lead to yield losses by over-thinning of
trees with low flower set or minor fruit quality, considering
size and taste, as result of under-thinning trees with heavy
flower set. Measures of precision horticulture as mentioned
by Zude-Sasse et al. (2016) would analyse the spatial het-
erogeneity in flower set within orchards, and optimize the
thinning intensity according to these information. However,
there is still a lack of data on machine thinning and quan-
tified gain in yield when optimizing the thinning measure
based on the flower set.

The aim of this study was to analyze the effect of field-uni-
form thinning intensity on (i) the yield considering trees
with low, medium, and high flower set, and (ii) the fruit qual-
ity and percentage of marketable yield obtained from trees
with low, medium, and high flower set.

Materials and methods

Experimental sites

The study was carried out in two commercial orchards
of Malus x domestica Borkh. in the fruit production region
of Werder, Brandenburg, Germany. In 2002, trees of the cul-
tivars ‘Elstar’ and ‘Gala) trained as slender spindle, were
planted with a spacing of 3.2 m x 1.2 m, which accounts for
2,604 trees ha'. The rootstock was M26 for ‘Elstar’ and M9
for ‘Gala’ The soil type was a sandy loam. Trees were irri-
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gated by drip irrigation. Management of the trees was per-
formed according to the national regulations of integrated
production.

For ‘Elstar’, 200 trees were selected for the years 2011,
2014, 2015, while in ‘Gala’ 100 trees were selected in 2014
and 200 trees in 2015 and 2016. The position of every tree
was recorded, using a real time kinematic global positioning
systems (RTK-GPS) (HiPer Pro, Topcon Corporation, Japan)
to investigate the spatial effect on yield parameters.

Trees were thinned mechanically when 50-80% of the
flowers reached balloon stage (2011: 27.04; 2014: 22.04;
2015: 30.04; 2016: 06.05.), BBCH 59 (Meier, 1997). Mechan-
ical thinning was carried out using a rotating string thinner
(Darwin 250, FruitTec, Germany) equipped with 270 plastic
strings each with a length of 60 cm. Diameter of the internal
tube of the spindle was 50 mm. The tractor speed was con-
stant at 8 km h! during the treatment, while varying rota-
tional frequency ranging between 200 rpm and 380 rpm was
applied. Thinning at 210+ 10 rpm served as basic rotational
frequency (brf) and was considered as control, since no or
minimum thinning effect was found. No additional hand thin-
ning was conducted.

Assessment of flower set, thinning efficacy, yield and
average fruit mass

The number of flowers was counted from 12 whole trees
of ‘Elstar’ in 2011 and 110 branches per cultivar in 2014 to
obtain the conversion factor from flowers to clusters, calcu-
lated as arithmetic mean of counts. The factors found in 2014
were applied in 2015 and 2016. Prior to each thinning treat-
ment the number of clusters was counted manually for each
tree. All fruits were harvested during commercial harvest of
this orchard (2011: 17.08; 2014: 05. and 16.09; 2015: 10.-
11.09; 2016: 07.-09.09). Crop load, yield, fruit mass, and per-
centage of marketable yield considering fruit size >65 mm
was measured tree-individual with a commercial sorting line
(TrueSort, Ellips B.V,, The Netherlands). Total thinning effi-
cacy was determined by the percentage of final fruit set (FFS
[%]) as number of fruit at harvest per 100 flowers.

Fruit quality

In every year, at harvest fruit samples from each treat-
ment (2011: 787; 2014: 63; 2015: 2118; 2016: 165 fruits)
were analyzed regarding fruit quality. Soluble solids content
(SSC [%Brix]) of squeezed juice was measured using a digital
refractometer (DR-301-95, Kriiss, Germany). Starch break-
down was analyzed by staining the fruit halves with Lugol’s
iodine solution and interpreting the starch hydrolysis on a
scale between 1 and 10. Fruit flesh firmness (N cm?) was
measured with motor-driven, digital penetrometer (Texture-
Analyser, TA.XT, Stable Micro Systems Ltd., UK). A handheld
spectrophotometer (Pigment Analyzer PA1101, CP, Germa-
ny) was used for non-destructive measurement of chloro-
phyll-related normalized difference vegetation index (NDVI
[-1; 1]; Zude, 2003).

Thinning coefficient

The thinning coefficient was calculated by the average
kinetic energy (E;, [J]) that one string transfers into the can-
opy. The E,;, calculated for the middle of the string is affect-
ed by the mass, m [kg], and the speed, w [m s!] of the string

(Eqg. 1).

N | =

Exin=>-m-w? (Eq. 1)
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FIGURE 1. Scheme of the operating mode of the mechanical thinning device and velocity vectors (d = diameter of the inner
tube of the rotating spindle, where the string is attached; 1 = length of the string; a = the angle between w, and w,).

The magnitude of the velocity vector w of the string
consists from the translational movement, w,, from the
tractor in direction x and the rotary movement, w,, in
direction y, from the spindle (Eq. 2; Figure 1). It is assumed
that the rotation is conducted in parallel to the ground and
no movement in direction z occurs.

w?=w/? +w,’ (Eq. 2)

The speed w, results from the addition of the vector
components v, and u, in the driving direction of the tractor
x (Eq. 3). The vector v, equates the speed, v [m s], of the
tractor because the motion is rectilinear in one direction.

w, =V, + U, (Eq.3)

The speed w, results from the addition of the vector
components v, in direction y, which equates 0 because the
movement of the tractor occurs only in direction x, and u, in
direction y upright to the direction x (Eq. 4).

w, =V, +u, (Eq. 4)
The vector components u, and u, follow from multiplying
the circumferential speed u [m s] of the string and the cosine,
or sinus respectively of the angle, a [rad], which is formed by
w, and w,. Because the string hits the tree vertically to the
position of the string, 90° are added to a. (Eq. 5 and 6).
ux=u -cos(a+90) (Eq.5)
uy = u-sin(a+90) (Eq. 6)
The circumferential speed u [m s?] results from

multiplying the radius, r [m], at the middle of the string with
the rotational frequency n [rad s*] of the rotating spindle

90 e S European Journa

(Eq. 7). The radius at the middle of the string, r [m], captures
the half diameter, d [m], of the inner tube of the rotating
spindle, where the string is attached and the half-length,
1 [m], of the string (Eq. 8). The rotational frequency n [rad s]
results from converting the revolutions per minute (rpm)
into the unit rad s* by using Eq. 9.

u=rn (Eq.7)
441

r=-+ (Eq.8)
=3 ..

n=c 2T (Eq-9)

Eq. 10 displays the resulting overall formula for E,

illustrated in Figure 1.
2

By =k (+d+l 2 +90)

kin=5 m((vH(5 +3) g5 2T cos (et 90)
2

+(5+3) 5 2 msin(@to0)) ) (Eq. 10)

Statistical analysis

Statistical analyses were carried out in software R v. 3.4.1
(R Core Team, 2018) using the packages ‘nlme’ (Pinheiro
et al, 2018), ‘gstat’ (Pebesma, 2004), ‘sp’ (Pebesma and
Bivand, 2005), and ‘multcomp’ (Hothorn et al., 2008). The
spatial covariance of latitude and longitude was included in
the analysis of variance (ANOVA) when analyzing the effect
of thinning treatment on the yield parameters (crop load,
final fruit set, average fruit mass, yield and percentage of
marketable yield) as described by Crawley (2013). ANOVA
results are expressed as p values in the text. In the case that
no significant effect of latitude and longitude on individual
traits was found, Dunn’s Test (Dinno, 2017) was used for
pairwise comparisons of treatments at 5% confidence level.

| of Horticultural Science
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Results

Number of flowers

The average number of flowers per cluster was 4.3+0.6
for ‘Elstar’ in 2011 and 4.7 +0.3 for ‘Elstar’ and 5.2+0.3 for
‘Gala’ in 2014. The absolute number and the distribution of
the estimated flower set, based on counting clusters of the
investigated trees, varied considerably between cultivars
and years (Figure 2). ‘Elstar’ showed a low flower set with
arithmetic mean of 249, 246, 646 in 2011, 2014, 2015, re-
spectively, in comparison to ‘Gala’ with a flower set of 541,
532, 1,434 in 2014, 2015, 2016, respectively. In ‘Elstar’,
trees with no flowers appeared, which were excluded from
further analysis (Table 1). The highest flower set of ‘Elstar’
was 2,162 observed on one single tree in 2015, however the
95% quantile of the flower set was 1,206, demonstrating that
‘Elstar’ possesses a huge variability in flower set. For ‘Gala),

the maximum flower set was 3,245 in 2016, representing an
extreme value regarding 95% quantile of 2,149 in the same
year. Trees showing extreme high flower set were excluded
as residues to avoid overestimation of the effect of thinning
intensity. Trees were grouped in 3 classes according to low,
medium, and high flower set per year (Tables 1 and 2).

Thinning coefficient

The angle of the string to the driving direction has an im-
pact on E,, (Figure 3). Considering the settings of the Dar-
win device used in the present trials, the angle of the string
generated a difference in E,;, of 0.29 ] at 380 rpm, 8 km h!
due to the possible angles between 0 and 180 degrees, with
0 degree and 180 degrees resulting in maximum and 90° in
minimum E,;, for each rotation.

The speed of the tractor resulted in a reduced effect on
E.. considering the operation speeds described earlier and,

'Elstar’, 2011

'Elstar’, 2014

'Elstar’, 2015

e

'‘Gala', 2014

'‘Gala', 2015

‘Gala', 2016

Frequency

60 1

0 1000 2000 3000 0

1000

2000 3000 0 1000 2000 3000

Blossoms

FIGURE 2. Distribution of number of flowers per tree estimated by counting the ratio flowers to clusters in one year and
clusters in all years in ‘Elstar’/M26 and ‘Gala’/M9 providing a class width of 150. Dashed line marks the mean value.
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TABLE 1. Class ranges of flower set defined as low, medium, and high used for further analyses in three years of ‘Elstar’/M26.

Flower set Class 2011 = 2014 = Flower set Class 2015 =

n X n X X
0 - - - 18 0 0 - 2 0
1-200 Low 99 84.5 89 57.5 1-350 Low 57 195.9
201-400 Medium 64 292.8 52 296.5 351-700 Medium 67 519.4
401-800 High 44 529.3 46 556.6 701-1,400 High 82 962.5
Residue - 2 - 8 - Residue - 9 -

TABLE 2. Class ranges of flower set defined as low, medium, and high used for further analyses in three years of ‘Gala’/M9.

Flower set Class 2014 — 2015 — Flower set Class 2016 —

n X n X n X
50-350 Low 22 2425 30 269.2 650-1,150 Low 45 989.6
350-600 Medium 45 510.5 105 479.6 1,151-1,650 Medium 75 1,412.7
600-1,000 High 29 740.9 58 7427 1,651-2,150 High 56 1,849.5
Residue - 4 - 7 - Residue - 24 -

to our knowledge, applied in practice ranging from 2.5 km h!
to 12.0 km h* (Kon et al., 2013). At rotational frequency of
380 rpm, this difference in tractor speed caused a maximum
spread of 0.19 ], regarding the angle of the string at 135° to
the driving direction. However, the effects of rotational fre-
quency and length of the string represent the major factors
with quadratic effect on E,;, per hit calculated for the mid-
dle of the rotating string (Eqg. 10). For the 60-cm strings and
8 km h! used in the present study, the average E,;, per hit cal-
culated at the middle of the string at an angle of 135 degree,
ranged from 0.15 ] at 200 rpm to 0.66 ] at 380 rpm.

Thinning efficacy, yield, fruit mass

1. Spatial autocorrelation. Variograms (21 figures per trial,
not shown) were used for selecting post hoc or adapted post
hoc test. For the final fruit set (FFS) and percentage of mar-
ketable yield no spatial effect was found in any trial. In ‘El-
star’, an adapted post hoc test was applied for yield, crop
load, and average fruit mass where a spatial effect was found
until a distance of 30 m between the trees. For ‘Gala’ spatial
effects were found until a distance of 15 m in 2014 and until
20 min 2015 and 2016, considering the variables yield, crop
load, and average fruit mass.

2. Influence of thinning treatment on final fruit set. The
FFS, representing the percentage of fruit developed from
100 flowers, differed between cultivars, years and particular-
ly within the same year between the three classes of flower
set (Tables 1 and 2). Furthermore, FFS was influenced by
thinning treatment in both cultivars in every year. FFS ranged
from 2.7% considering trees with high flower set in 2016 to
48.4% considering trees with low flower setin 2015.

For low flower set, in ‘Elstar’ 2011 (Figure 4) and
2014, thinning treatment of 0.33 ] and higher reduced FFS
(2011: p<0.01;2014: p=0.03) in comparison to the basic ro-
tational frequency (brf) of 0.15 J. In 2015, treatment above
or equal to 0.28 ] had an effect (2015: p<0.001) on FFS in
comparison to brf of 0.19 ] (Table 3). In ‘Gala’ 2014, no effect
of thinning treatment on FFS was observed for trees with low
flower set (Figure 5). In 2015, no statistical evaluation was
possible since significant differences in flower set occurred
within this class. In ‘Gala’ 2016, treatments of 0.39 ] and high-
er reduced FFS (p<0.01) considering trees with low flower
set from 8.2% to 3.8% and lower.

At medium flower set, in ‘Elstar’ 2011 treatments of
0.33 J and 0.45 ] reduced FFS (p<0.01) in comparison to brf
(Figure 4), while in 2014 only 0.45 ] caused a significant re-

1.0 1
0.8 1
0.6 1
%

0.4 1

FIGURE 3. Calculated E,, occurring

during mechanical thinning, consider-

021 ing one hit of in the middle of the

60 cm string at varying tractor speed

(2.5 km h' = square, 8.0 km h! = cir-

00 1 cle, and 12.0 km h' = triangle) at 90°

. . T T . " T T T (open symbol) and 180° (closed sym-

d o0 L 0 e s =i a5 400 bol) angle of the string to the driving

Rotational frequency [rpm] direction.
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FIGURE 4. Effect of mechanical thinning
treatment (solid lines = 0.15 ], dashed lines =
0.23 ], dotted lines = 0.33 ], dash-dotted
lines = 0.45 J) on crop load (CL as number of
fruit per tree), fresh mass (FM in g), absolute
yield (Y in kg), and percentage of marketable
yield (MY, %) considering classes of flower
set: (A) low: 1-200, (B) medium: 201-400,
and (C) high: 401-800 flowers (F) of ‘Elstar’/
M26in 2011.

TABLE 3. Effect (a=5%) of mechanical thinning treatment (first letter) and flower set (second letter) on yield parameters of
‘Elstar’ in two years.

Thinning

Flower set treatment E,, Crop load Flinal fruit set Yield Fruit mass Marketable yield

W) (fruit/tree) (fruit 102 flowers) (kg) (9) (%)
2014

Low 0.15 21.88c.2 38.98° 408¢c. 196.94° 97.7Ab
0.23 Fyea 39.68° S 182.84P OSIORE
0.33 14.648.2 26.442 2.748.2 182.140 96.5A°
0.45 16.2A2 27.8A2 2.7ha 171140 93.8A°

Medium 0.15 100.5A° 35480 13.1A0 130.842 T8
0.23 110.3A0 39.48.a 16.0A® 145.842 86.2% 2
0.33 101.4A° 35.78:0 15.5A0 153.4A0 90.3A°
0.45 87.4A0 26.8%2 12.4A0 136.0%2 84.67

High 0.15 131.9A¢ 25.382 16.0A® 119.9A2 67.942
0.23 126.5A° 245482 14.7A 116.6A2 63.32
0.33 125240 223482 14.7A 117.1A2 69.7A2
0.45 107.3A° 19.0A2 12.9A0 118.6A2 72.5A2

2015

Low 0.19 85.5¢2 48460 13.4¢2 168.4A0 91.2Ab
0.23 58.168C.a 36.158¢C.2 10.08¢a 176.14¢ 95.74b
0.28 40.3%8:2 2.7k 6.98.2 159.0Ab 87.4A0
0.45 26.7A2 11.8A2 4372 146.872 89.44a

Medium 0.19 12348 23282 17.88.2 14494 85.4A0
0.23 113.28.° 22582 16.48.2 141.6A° 80.8A 2
0.28 110.88° 21582 13.6%8. 18 .zr~ebd 76.0A2
0.45 73.5A0 14372 10.7A0 149.7A2 87.872

High 0.19 162.88° 17.18.2 16.1A2 100.742 BRe
0.23 172.98¢ 19.18.2 18.4A0 106.042 60.742
0.28 142.348.¢ 15.948.2 16.04° 1183Red 65.942
0.45 108.54° 10.872 15.3A0 146.98.° 87.18.b

&
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- - R (MY, %) considering classes of flower set:
(A) low: 50-350, (B) medium: 351-600, and
Y 3 - Y - YS- (C) high: 601-1,000 flowers (F) of ‘Gala’/M9
in 2014.

duction in ‘Elstar’ (p=0.05) and in ‘Gala’ (p<0.01) (Figure
5). In 2015, treatments of 0.45 ] and higher reduced FFS
(2015: p=0.02) in ‘Elstar’, while 0.28 ] and higher resulted
in a reduction of FFS in ‘Gala’ 2015 (p=0.01) and 0.39 ] and
higher in 2016 (p<0.001).

At high flower set, ‘Elstar’ in 2011 (Figure 4), treatment
of 0.33 ] and 0.45 | caused again reduction of FFS (p=0.04;
p<0.01), while in 2014 and 2015 (Table 3) only 0.45 ] result-
ed in the same effect (2014: p=0.04; 2015: p=0.02). In ‘Gala’
2014 (Figure 5), at high flower set only treatment of 0.45 ]
had a reducing effect on FFS in comparison to brf (p=0.05).
In 2015, treatments of 0.28 ] and higher E,;, reduced flower
setat p=0.01 and p<0.01, respectively.

3. Influence of thinning treatment on yield. The sampling
date for laboratory analyses of fruit quality was set at the

commercial harvest date for direct marketing from the same
orchards. No correlation was found between crop load and
quality parameters except for fruit mass (Figures 4 and 5). In
‘Elstar’, trees with low flower set and thinning treatment
equal or higher than 0.33 ] in 2011, 2014 and 0.28 ] in 2015
had a reduced crop load compared to brf, resulting in yield
losses (Figure 4; Table 3). In none of the trials thinning
showed a positive effect on fruit mass or percentage of mar-
ketable yield (Table 4). In ‘Gala) trees with low flower set
showed no reduction in yield in 2014, however, at 0.45 | av-
erage fruit mass was enhanced by 35.8 g (p=0.01) to 166.4 g
with an effect on percentage of marketable yield (p=0.01)
which reached 99.0%. In 2016, treatment with 0.39 ] caused
reduction (p=0.02) of marketable yield by 5.4 kg per tree in
comparison to brf.

TABLE 4. Change of marketable yield (fruit size >65 mm) caused by mechanical thinning treatment in comparison to basic
rotational frequency (brf) in ‘Elstar’/M26 considering three classes of flower set.

Marketable yield Lowest treatment Reduction* of marketable Reduction of marketable
Year at brf causing yield reduction* yield per tree yield per ha
(kg) V) (kg) ()
Low flower set
2011 42 0.33 0.9 1.1
2014 39 0.33 1.3 14
2015 12.2 0.33 6.2 4.2
Medium flower set
2011 74 No reduction 0 0
2014 10.2 No reduction 0 0
2015 14.5 0.45 5.1 5
High flower set
2011 12.3 0.33 4 22
2014 10.9 0.45 15 15
2015 8.9 No reduction 0 0

*: Reduction of marketable yield in comparison to brf calculated as mean value from the total yield and percentage of marketable yield >65 mm

per tree.
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In ‘Elstar’ trees with medium flower set, thinning
treatment with 0.33 J reduced crop load in 2011 and 0.45 ]
in 2015, hence yield was reduced. In 2011, thinning at 0.33
increased fruit mass (p=0.03) by 14.6 g in comparison to
brf, however without effect on percentage of marketable
yield (Figure 4). In 2014, ‘Gala’ showing medium flower set
responded to the treatment with 0.45 J (p<0.001) (Figure
5). Already at 0.33 ], fruit mass (p=0.04) was enhanced. At
0.45 ], average yield per tree was reduced with positive effect
on percentage of marketable yield (p<0.001), which was
enhanced by 20.7% to 97.5% (Figure 5). No effect was found
in 2015 and 2016.

At high flower set, in 2011 crop load was reduced in
‘Elstar’ at 0.33 ] (p<0.01) and 0.45 ] (p=0.02) reducing
yield per tree with no effect on average fruit mass (Figure 4;
Table 4). At high flower set in ‘Elstar’ 2015 treatment with
0.45 ] reduced crop load (p=0.02), while gaining fruit mass
(p=0.02) and increasing the marketable yield (p=0.004)
(Table 3). In ‘Gala’ 2014, only treatment with 0.45 ] reduced
crop load (p=0.03) and percentage of marketable yield was
enhanced (p=0.001) to 99.3% (Figure 5). In 2015 and 2016,
at high flower set, 0.28 ] reduced crop load and yield per tree
in comparison to brf. Average fruit mass was not affected
by thinning treatment, as well as percentage of marketable
yield, which was already close to 100% at brf. Due to lack
of changes in the marketable yield, which was already high
in years 2015 and 2016, Tables 3 and 4 weren’t reproduced
for ‘Gala.

Discussion

Flower set

Variability in flower set occurs naturally within orchards
and was described earlier (Bukovac etal., 2010; Stopar, 2010;
Hocevar et al., 2014; Sinatsch et al., 2014; Beber etal., 2016).
In the present study, the variability among flower set was
used to classify trees according to the apparent flower set in
order to investigate the effect of thinning intensity for each
class separately. The size of the classes resulted from the
pragmatic approach to meet the requirements for statistical
analysis (Table 1). Analysis of variance showed no significant
differences in flower set within the classes (Stopar, 2010).

Variability in flower set in the present trials can be
explained with the light terrain gradient within the orchard
causing spatial distribution of water availability (Moore etal.,
1993), nutrients supply (Aandahl, 1948), and occurrence of
frost (Weise, 1978). Since these factors have a known effect on
crop load (Powell, 1974; Hansen, 1980; Heinicke, 1917), they
influence flower bud initiation, leading to spatial variability
of flower set. On the hillside, trees showed a tendency of
enhanced flower set compared to trees located in region of
slightly lower elevation showing stronger vegetative growth
assumingly due to late frost events. In cultivar ‘Elstar’, a higher
percentage of trees with low flower set was found compared
to ‘Gala’, which was expected because ‘Elstar’ is known in
practice as biannual bearing cultivar. In order to achieve the
growth capacity, trees should bear approximately one apple
per 14-42 leaves (Haller and Magness, 1933; Preston, 1954;
Silbereisen, 1966; Hansen, 1969) depending on cultivar and
growth factors. Unpublished data of 2008 from the same
‘Elstar’ orchard showed that the leaf number per trees
ranged between 2,600 and 4,540. Under the assumption
that the necessary leaf number per fruit to produce a
marketable size is 30, the trees can hypothetically support
87-151 fruit. This huge variation points to spatial variation
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in growth production target (PT) which was in average 117
fruit per tree. The number of flowers to reach the optimum
crop load per tree should be slightly enhanced to the PT due
to natural fruit drop taking place after flower thinning. In
‘Elstar’, the fruit drop resulted in crop loads slightly below
the PT. In ‘Gala) on the other hand, a high percentage of
the trees reached PT. The counting of flowers or clusters in
practice is time consuming, but necessary to conclude on
the target thinning intensity. Automated counting of flowers
is required and can be performed with optical sensors and
corresponding algorithms (Hocevar et al, 2014; Krikeb
et al, 2017). Integrated systems for flower counting and
actuator for adaptive mechanical flower thinning are under
development (Pflanz et al., 2016), while quantitative data on
the thinning requests of individual trees are still rare.

Thinning coefficient

For comparing the effect of thinning treatments of
different experiments, a thinning coefficient is proposed
regarding the variables of the devices and treatments. Most
important, the coefficient includes the number, length, and
mass of the strings, the tractor speed, and the rotational
frequency. The formula developed by Zoth (2011) was
modified in the present work by adding the angle of the string
to the driving direction as a separate factor, which also has an
effect on the kinetic energy, E;, (Figure 3). As simplification,
the average E,, is emphasized, which is achieved in the
middle of the string. E,, at different points of the string
varies, consistently according to the distance to the rotating
spindle (Figure 3). The E,, is limited because it ignores the
frequency of hits per string in the turbulent application,
which is affected by the distance between the device and the
tree and the amount of strings of the device. Particularly, the
number of stings has a significant effect on thinning efficacy
(Kon et al., 2013), but more experiments are needed to test
linearity of various numbers of strings and resulting E,,. For
this purpose the distance of the tractor to the tree row needs
to be included to calculate the size of the section of tree row
which one string possibly hits at one rotation and the depth
one string penetrates the canopy. This could be a helpful
tool for further optimization of the settings of the device
and additionally the shape of the canopy. Clearly visible
already with the present simple approach is the effect of the
length of one string, which explains the frequently observed
phenomenon in practice that used, worn-out strings demand
a higher rotational frequency to achieve the same efficacy as
new strings.

Thinning efficacy, yield, fruit mass

Mechanical thinning is an effective measure for crop load
management in practice (Schroder, 1996; Bertschinger et
al,, 1998; Damerow et al., 2007; Weibel et al., 2008; Schupp
et al, 2008; Kong et al, 2009; Solomakhin and Blanke,
2010; Hehnen et al.,, 2012; Kon et al., 2013; Sinatsch et al.,
2014; McClure and Cline, 2015; Beber, 2016; Lordan et al.,
2018). An overview about the settings of the devices and
the thinning efficacy from the literature is given by Kon et
al. (2013). A model was developed by Lordan et al. (2018)
to predict the final fruit number per tree from the number
of flower clusters at different settings of the Darwin thinner
considering vehicle speed and rotational frequency. All
previous studies report a reduction of fruit set by means
of mechanical field-uniform thinning in comparison to the
control. Few work was published on thinning intensity
adapted to the actual flower intensity (Stopar, 2010; Beber
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et al,, 2016) although spatial variation within orchards was
proved earlier (Manfrini et al., 2009; Aggelopoulou et al.,
2010, 2011; Bukovac et al,, 2010). Stopar (2010) classified
trees according to the number of flower clusters to precisely
assess the effect of varying thinning treatments. In the
present study, the spatial correlation was recognized by
means of semi-variograms (Crawley, 2013).

Results indicate an expected close relationship between
flower set and final fruit set. In trees with low flower set, fruit
drop was apparently reduced as pointed out earlier (Penzel
et al,, 2020). Consequently, the comparison of final fruit set
(FFS) after varying thinning treatment should be carried
out considering trees with similar abundance of flower set,
which is a factor with a strong effect on FFS. Furthermore,
a positive correlation exists between mechanical thinning
and reduction of fruit set regardless of flower set as
confirmed in the present study. At low flower set, thinning
was not necessary, because in none of the trials the
production target of 119 was realized. The 0.23 ] treatment
showed no effect on FFS in comparison to brf. Consistently,
the fruit mass and percentage of marketable yield was hardly
affected by thinning treatment, similar to the findings in the
literature on mechanical thinning (Beber et al, 2016) and
chemical thinning (Greene, 1989; Stophar, 2010). Beber et al.
(2016) pointed out that thinning is not necessary to achieve
good fruit quality when trees had <80 flower clusters, which
equals <400 flowers assuming that one cluster consists of an
average of five flowers in the cultivar ‘Jonagold’. Mechanical
thinning treatment further reduced FFS leading to absolute
yield losses. The cortex cell number is positively correlated
with fruit mass and thinning at full bloom is the optimum
timing for stimulating cell division (Goffinet et al., 1995).
However, in the present trials effect on fruit mass was
limited, since it can be assumed that the remaining fruit had a
sufficient supply of carbohydrates, nutrients and water. Also,
no effect of thinning treatments on fruit maturity was found
for trees with low crop load as previous studies suggested
(Volz et al,, 1993; Wiinsche and Ferguson, 2005) considering
maturity parameters as background color, firmness, and
starch index.

At medium flower set, thinning was still hardly necessary
as PT of 119 in ‘Elstar’ was obtained in 2015 and ‘Gala’in 2014
at brf. In the other trials, final fruit number at low thinning
treatment was below the optimum and further reduced by
thinning treatment 20.33 ] for ‘Gala’ and 20.33 ] or 20.45 ],
depending on the year, in ‘Elstar’. However, the percentage of
marketable yield showed no increase in ‘Elstar’ considering
any year, pointing out that obviously a crop load equal
or lower than the PT will have no effect on percentage of
marketable yield. Though, average fruit mass of ‘Elstar’ 2011
was further enhanced by thinning treatments, which may
indeed have a positive effect on market value. In ‘Gala’, fruit
mass was significantly enhanced in two years, whereas the
percentage of marketable yield was enhanced only in 2014.
In the subsequent years the low fruit set resulted in high
percentage of marketable yield of >90% in all treatments.
Consequently, thinning at medium flower set results in
yield losses as the effect on quality was marginal. Maximum
thinning treatment in medium classes of flower set therefore
should be 0.23 | for the two cultivars.

At high flower set PT was not exceeded when thinned
at brf (Sinatsch et al., 2014; McClure and Cline, 2015). For
‘Gala’ in 2014 treatment of 0.33 ] was appropriate to reach
PT. Enhanced thinning treatment reduced fruit set heavily,
and fruit mass was increased with every fruit having a
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marketable size. Lower thinning treatments resulted in crop
load exceeding PT with negative effect on fruit mass. Kon
(2013) reported for similar E,;,, 20.27 ], calculated with prior
described thinning coefficient, that leaf injury is high. Such
finding may be explained by higher frequency of hits per leaf
than in the present study because of the lower vehicle speed.
Also, McClure and Cline (2015) noticed leaf injuries when
vehicle speed was low. As compromise of thinning response
and tree damage, Kon (2013) suggested thinning at lower
rotational frequencies equaling 0.14 ] or 0.20 ] for ‘Gala.
However, it was emphasized that these intensities may not
thin sufficiently in heavy cropping years and recommended
the combination with other thinning methods. McClure and
Cline (2015) also reported no effect on fruit mass when
thinned up to 0.29 ] at low vehicle speed, though marketable
yield was adequate already in the control.

In ‘Elstar’ 2011, treatment of 0.23 ] reduced crop load
close to PT, though no effect on fruit mass was achieved.
This may have resulted from damage on spur leaves, which
was not further evaluated. In 2014, treatments of 0.23 | and
0.33 ] provided the optimum thinning treatment in terms of
crop load, while in 2015 treatments >0.28 ] and <0.45 ] have
caused best results regarding crop load level and fruit mass
as crop load at applied treatments exceeded or underrun
PT. For practical use, considering high levels of flower set on
‘Elstar’, 0.23 ] and 0.33 ] are adequate treatments to reduce
crop load. Sinatsch et al. (2014) suggested treatments of
0.19] or 0.23 ] for ‘Elstar’ trees with high flower set positively
affecting fruit size and reducing biannual bearing.

In summary all treatments indicate that different levels
of flower set require different settings of the thinning device
for best thinning results. A model for thinning response
depending on flower set and settings for the Darwin with
high R? as Lordan and co-workers (Lordan et al., 2018)
developed for two cultivars was not possible from the present
data. However, data indicate that tree adapted mechanical
thinning can decrease possible yield losses by over-thinning
at low and medium flower set. High flower set in contrast
requires enhanced thinning intensity as crop loads possibly
exceed PT. Reduced percentage of marketable yield by field-
uniform mechanical thinning ranged from 1.4 tha'-4.2 tha*
in ‘Elstar’ in years 2011, 2014, 2015, and 2.6 tha' - 7.6 tha'
in ‘Gala’ in 2014. Consequently, tree-adapted thinning is a
promising method to increase production volume without
increasing land consumption. When commercial systems
for tree-adapted thinning become available, the economic
aspect is crucial for the farmer.

Conclusion

The present study showed that heterogeneity in flower
set is existing and trees with different abundance of flowers
demand adapted treatment in terms of flower thinning
intensity. The concept of mechanical thinning considering the
flower set was further evaluated and showed the capability
to reduce yield losses by over-thinning of trees with low
flower set, while increasing yield per hectare by 1.4-4.2 t ha!
in ‘Elstar’ and 2.6-7.6 t ha'! in ‘Gala. When commercially
available, this approach of precise management can
potentially balance spatial heterogeneity within orchards.
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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.

Keywords: fruit growth rate, fruit respiration, leaf area,
LiDAR, precision horticulture
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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.

©2020Institute of Agrophysics, Polish Academy of Sciences
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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.
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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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g S DL ™XJcgy Pr LI
daily = - 4
Pty e K S+ h ™o P 2 )
_ (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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Fig. 2. Time course in days after full bloom (DAFB) of: a) fruit CO, respiration rate (mg kg" h™) at 10°C (Ry,,, circle) and 20°C
(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

0.4 b
0.3
0.2

0.1 A

0.0

0 30 60 90 120 150

Time (DAFB)

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. 4. Relationships between laser hits per tree (PPT) and manual
measured total leaf area per tree (LA, m?). (RoHo3615: closed
symbol, dotted line; LA, = 1.6 + (6.822 10° PPT), R*> = 0.98;
Pinova: open symbol, solid line; LA, = 1.49 + (6.987 10™ PPT,
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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. 7. Time course in days after full bloom (DAFB) of (a, b) solar radiation (S, MJ m* d") and (c, d) estimated daily C assimilation
per tree (Pye, g d) (e, f) daily leaf area demand per fruit (LA gemanes cm?) (percentage of leaf-assimilated C available for fruit: linear
increase from 40% (full bloom) to 80% (foliage is fully developed and the period of time after that)) of developing Pinova/M.26 (a, c)
and RoHo 3615/M.9 (b, d) apple during the 2018 growing season. The fruit mass and size at harvest time were (¢) 182 g/ 72 mm, (f)
165 g/ 68 mm. (e, f): solid line = smoothed values, dashed line = original values).
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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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with a varying canopy leaf area (m?), when the canopy is fully devel-

oped, of Pinova (a) and RoHo 3615 (b) in 2018 to produce fruit of a certain target fruit diameter (D, mm). The closed dots represent
min, mean and max values of LA, in the considered orchards, cf. Table 2.
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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.
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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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APPENDIX

Table Al: Equations used in the materials and method section. Abbreviations are defined in the text

Equation Description No.
R2[0-1] = YL, (LALipar - LAwb)? ) o

D (LAw- LAwmy Coefficient of determination (A1)

1 n
J— x Y11 (LAuab - LALipAR)? .
RRMSE [%] = n x 100 Relative root mean squared error (A2)
LAuab
fx)=a+—Fg Sigmoid growth model (A3)
l+e d
GDD18=10.5 x (TMax + TMin) - TB,
Growing degree days (A4)

if 0.5 x (TMax + TMin) -Te>0




Table A2: Functions of fruit and leaf area development and LALipar fitted with standard regression methods. Abbreviations

are defined in the text

Equations R? Definition No.
FM(DAFB) = 185.493-(12077.2/((1.05883)PAFB+64.6686)) 0.85 ]f?zivtel"pmem in FM of Pinova 5 1
M(DAFB) = 183.972 - (5982.92/((1.04047)PAFB + 30.9077)) 0.87 ?glv ;’li?rf’gem in FMofRoHo 5 5,
Development in C content of
= - DAFB
C(DAFB) = 15.599 - (1644.78 / ((1.06415)PAFB + 105.827)) 0.85 Lo it (A6.1)
C (DAFB) = 13.445 - (674.033 / ((1.04798)PAFB + 49 0924)) 0.84 Developmentin Ccontentof ¢,
: ' : : "®" RoHo 3615 fruit :
Daily growth rates in FM of
= DAFB DAFB 2 _
AGRm(DAFB) = (690.363 x (1.05883)PAFB)/((1.05883)PAFB + 64.6686) Pincwa fruit (A7.1)
Daily growth rates in FM of
— DAFB DAFB 2 _
AGRrm(DAFB) = (237.377 x (1.04047)PAFB) / ((1.04047)PAFB + 30.9077) RoHo 3615 fruit (A7.2)
AGRC(DAFB) = (102.262 x (1.06415)PAFB) / ((1.06415)PAFB + 105.827) . Daily growthrates in C of (A8.1)
’ ’ ’ ’ Pinova fruit ’
AGR(DAFB) = (31.5857 x (1.04798)PATB) / ((1.04798)PAFE + 49,0924y - Daily growth rates in Cof (A8.2)
: ' : : RoHo 3615 fruit '
Development in FM of Pinova
FMuorm(DAFB) = 1.01835-(66.3031/((1.05883)PAFB+64.6686)) fruit, normalized to FM at A9.1
harvest
Development in FM of RoHo
FMuorm(DAFB) = 1.1124-(36.176/((1.04047)PAFB+ 30.9077)) 3615 fruit, normalized to FM  A9.2
at harvest
Development in C of Pinova
Chom(DAFB) = 1.01451 - (106.971 / ((1.06415)PAFB + 105.827)) fruit normalized to C at A10.1
harvest
Development in C of RoHo
Chorm (DAFB) = 1.06172 - (53.2266 / ((1.04798)PAFB + 49 0924)) 3615 fruit normalized to Cat ~ A10.2
harvest
Cra(DAFB) = 0.5035 - 0.00023 x DAFB 0.4 FractionofContheDMof ) )
Pinova fruit
_ Fraction of C on the DM of
Crel(DAFB) = 0.5124 - 0.00027 x DAFB 0.76 © oo 3615 fruit (A11.2)
LALpAR(PPT) = 1.62 + (6.822 x 10° xPPT) ) Function to estimate LALipAR (A12.1)
LiDAR ) ) from PPT of Pinova trees. )
Function to estimate LALipAR
. — -5 -
LALipAR(PPT) = 1.491 + (6.987 x 105 x PPT) from PPT of RoHo 3615 fress, (A12:2)
B 3.8301986
LAueeo(DABB) = -0.024 + =355 35731847 ] Development of the canopy 15 1)
l+e 10847129 leaf area of Pinova trees ’
5.382473
_ Development of the total leaf
LAwee(DABB) = -0.067 + - p
e ) 1+ ew area of RoHo 3615 trees (A13.2)
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Fig. Al: Relationship between (a) fruit fresh mass (FM) (g) and diameter (D) (mm), (b) D and FM at the harvest time of
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Modeling of Individual Fruit-Bearing
Capacity of Trees Is Aimed at
Optimizing Fruit Quality of

Malus x domestica Borkh. ‘Gala’

Martin Penzel ', Werner B. Herppich?, Cornelia Weltzien 2, Nikos Tsoulias? and
Manuela Zude-Sasse **

" Chair of Agromechatronics, Technische Universitét Berlin, Berlin, Germany, 2 Horticultural Engineering, Leibniz Institute for
Agricultural Engineering and Bioeconomy, Potsdam, Germany

The capacity of apple trees to produce fruit of a desired diameter, i.e., fruit-bearing
capacity (FBC), was investigated by considering the inter-tree variability of leaf area
(LA). The LA of 996 trees in a commercial apple orchard was measured by using a
terrestrial two-dimensional (2D) light detection and ranging (LIDAR) laser scanner for
two consecutive years. The FBC of the trees was simulated in a carbon balance model
by utilizing the LIDAR-scanned total LA of the trees, seasonal records of fruit and leaf
gas exchanges, fruit growth rates, and weather data. The FBC was compared to the
actual fruit size measured in a sorting line on each individual tree. The variance of FBC
was similar in both years, whereas each individual tree showed different FBC in both
seasons as indicated in the spatially resolved data of FBC. Considering a target mean
fruit diameter of 65 mm, FBC ranged from 84 to 168 fruit per tree in 2018 and from
55 to 179 fruit per tree in 2019 depending on the total LA of the trees. The simulated
FBC to produce the mean harvest fruit diameter of 65 mm and the actual number of the
harvested fruit >65 mm per tree were in good agreement. Fruit quality, indicated by fruit’s
size and soluble solids content (SSC), showed enhanced percentages of the desired fruit
quality according to the seasonally total absorbed photosynthetic energy (TAPE) of the
tree per fruit. To achieve a target fruit diameter and reduce the variance in SSC at harvest,
the FBC should be considered in crop load management practices. However, achieving
this purpose requires annual spatial monitoring of the individual FBC of trees.

Keywords: apple, carbon balance, lidar, respiration, precision horticulture, growth, canopy photosynthesis model

INTRODUCTION

In fruit production, the number of apples per tree is negatively correlated to the mean fruit
fresh mass (FM), coloration (Palmer et al., 1997), soluble solids content (SSC) (Link, 2000;
Serra et al, 2016), and flower set in the following season (Handschack and Schmidt, 1991).
Each individual apple tree may initiate up to 2,000 flowers, which significantly exceeds the
commercially desired number of fruit at harvest (Penzel et al., 2021). Although a high percentage
of flowers and later fruitlets will be naturally shed in flower or fruit abscission, often too many
fruit remain on the tree. High crop load results in low-quality fruit whereas low crop load may
reduce yield. Furthermore, the distribution of fruit throughout the canopy may not be uniform,
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which is one reason for the variability of fruit quality within the
tree. Additionally, the position of the fruit in the cluster (Jakopic
etal,, 2015), the position and light exposure of the bearing branch
as well as the number and proximity of leaves and other fruit
affect fruit quality (Belhassine et al.,, 2019; Reyes et al., 2020).
Consequently, crop load management is required to adjust the
number of fruit per tree. Various strategies to obtain one to two
fruit per flower cluster widely distributed in the canopy exist,
targeting a high percentage of high-quality fruit and, thus, high
crop value in the current and sufficient flower bud initiation for
the subsequent growing season (Costa et al., 2018). However, for
developing efficient crop load management, the information on
the optimal number of fruit per tree is crucial.

Much work has been done to evaluate the effects of the
number of fruit per tree on apple quality parameters. ‘Gala
apples have a high economic importance worldwide and are well
described in crop load experiments. Commercial ‘Gala’ strains
show a variability in mean fruit FM per tree up to 90 g affected
by crop load (McArtney et al., 1996; Pilar Mata et al., 2006; Xia
etal., 2009). The SSC of apples is an additional important internal
quality parameter largely influencing the acceptance and buying
decision of consumers. Crop load can also slightly affect the mean
SSC of ‘Gala’ apples at harvest (Pilar Mata et al., 2006; Yuri et al.,
2011). So far, different techniques have been applied to estimate
the number of fruit per tree, which would lead to a desired fruit
quality. These methods capture continuous yield recording in
the orchard (Handschack and Schmidt, 1991) or the assessment
of the crop load in relation to the trunk cross-sectional area
(Iwanami et al., 2018). Also, the leaf area (LA) per fruit has been
identified as an important determinant of fruit quality (Poll et al.,
1996; Palmer et al., 1997).

Generally, trees can be considered as a collection of
semiautonomous organs (DeJong, 2019), where each organ has
a genetically determined, organ-specific development pattern
and growth potential (Reyes et al., 2016), which is achieved
according to the individual carbon supply conditions. Because
only leaves perform net carbon assimilation, the exposed LA of
a tree reflects the growth capacity of the tree to intercept solar
radiation and serves therefore as a proxy of the fruit-bearing
capacity (FBC). Lakso et al. applied LA estimates in carbon
balance modeling (Lakso and Johnson, 1990). In their approach,
the light interception of each individual shoot was scaled up to
the canopy level by considering the trees total LA as one big leaf,
which receives the average irradiance of the canopy (De Pury and
Farquhar, 1997). This approach is valuable as it combines existing
knowledge in a modeling approach, providing the potential to
simulate the optimum crop load. However, it may lead to an
overestimation of the photosynthetic capacity of a tree because
the light environments within a tree’s canopy can be highly
variable (Zhang et al., 2016). The photosynthesis of the exposed
leaves and leaves in sun flecks is mostly light saturated whereas
the photosynthetic response of shaded leaves to irradiance is
linear (De Pury and Farquhar, 1997). Charles-Edwards (1982)
demonstrated the validity of the big-leaf approach for hedgerow
apple orchards. Furthermore, this approach was validated by
recording the CO; exchange of whole trees enclosed in a canopy
chamber (Lakso et al., 1996). Nevertheless, the spatial variability

of individual LA of trees was not taken into account in CO,
balance so far.

Indeed, vegetative and reproductive growths vary spatially in
orchards. Variability in the trunk cross-sectional area (Manfrini
et al., 2020), number of flower clusters (Vanbrabant et al., 2020;
Penzel et al., 2021), yield, mean FM, and the fruit maturity stage
of each individual tree (Manfrini et al., 2020) within the same
orchard was described. Consequently, both the individual LA
(Sanz et al., 2018) and the LA index (Poblete-Echeverria et al.,
2015) and the associated FBC of each individual tree may vary
spatially. It can also be assumed that such variability in each
individual tree affects the optimum number of fruit per tree when
targeting a homogenous fruit quality throughout the orchard.
However, the actual number of fruit per tree was not yet evaluated
in relation to the variable LA and associated FBC.

The mapping of canopy and yield parameters within an
orchard can be performed by georeferencing each tree and the
application of remote sensing, e.g., based on photogrammetry
(Mu et al, 2018), time-of-flight reading (Coupel-Ledru et al.,
2019; Tsoulias et al., 2019), or thermal imaging (Huang et al.,
2020). Most recently, the number of flower clusters (Vanbrabant
et al., 2020) and fruit per tree (Apolo-Apolo et al., 2020;
Tsoulias et al., 2020a) were mapped in pome fruit orchards by
analyzing the point clouds generated from RGB images or a
light detection and ranging (LiDAR) analysis. The sensors may
be mounted on various platforms, i.e., ground or aerial vehicles,
or satellites, and the measurements carried out throughout the
growth season (Zude-Sasse et al., 2016). Indeed, frequent studies
of georeferencing and sensing the data of each individual tree are
available, but the developed approaches lack further application
in decision-support models, which can be utilized for the precise
management of crop load.

Recently, the LA of each individual tree was analyzed (Penzel
et al, 2020) to quantify the variability of FBC in two apple
orchards. LA estimated with LiDAR compared to manual
readings was obtained with high coefficient of determination
(R* = 0.96) by considering fully expanded leaves in mid-season.
The authors showed that tree-adapted crop load management
potentially increases the marketable yield of an orchard by
5%. Carbon balance of each individual tree would enable
the adjustment of thinning intensity to each individual tree,
introducing the term “variable rate application” (VRA) in
crop load management. For this purpose, prototypes of precise
thinning systems have been developed (Wouters, 2014; Lyons
et al., 2015; Pflanz et al., 2016), but these have not been
commercialized to date (Verbiest et al., 2020). This is, besides
economic considerations, due to the lack of suitable models to
evaluate the actual crop load of a tree in comparison to the
tree’s FBC.

For VRA in flower or fruit thinning, it would be advantageous
to estimate FBC before full bloom or within subsequent three
weeks when fruit are most susceptible to the thinning agents.
For this purpose, historical data of FBC in a fully developed
canopy could be analyzed, applying the previous years’ data for
decision-making in the current year. In viticulture, Taylor et al.
(2019) proposed to utilize the crop load information from one
year for crop load management decisions in the consecutive year.
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However, it has not yet been evaluated whether this approach can
be transferred to apple production. In addition, knowledge on the
effects of the absorbed light on fruit quality is lacking.

The aim of the present study was to characterize the effect of
VRA in crop load management on fruit quality. The objectives
were (1) to analyze the inter-year variability in LA and FBC of
each individual tree considering their spatial position within a
commercial orchard and (2) to generate the minimum thresholds
of absorbed photons per fruit for each individual tree to achieve
a desired mean fruit size and SSC.

MATERIALS AND METHODS

Experimental Site and Trial Design

In 2018 and 2019, trials were carried out on trees of Malus
x domestica Borkh. ‘Gala’ strain ‘Baigent’ (Brookfield®)/M.9
planted in 2006 in a commercial orchard in the fruit-growing
region of Brandenburg, Germany (52.607 N, 13.818 E). The 2.3-m
slender-spindle trained trees planted at a spacing of 3.2 x 1.0 m,
with 3.2 m? allotted orchard surface per tree (Gujoged) Trees
were drip-irrigated (<4 L tree~! d~!), and managed according to
the federal regulations of integrated production preventing any
symptoms of nutrient- or water-deficit stress. Soil information
were published earlier (Tsoulias et al., 2020b). Trees of five
rows (199-200 trees row™!) of the orchard were labeled and
analyzed. In the green bud stage, trees (2018: n = 100; 2019: n
= 70) were randomly selected and the number of flower clusters
per tree was counted. All trees were thinned chemically with
ammonium thiosulphate (20% N; 15 kg ha™!) at full bloom (April
29, 2018 to April 24, 2019) and with 6-benzyl adenine (500¢g
ha=!) three weeks after full bloom. Subsequently, to generate
variable numbers of fruit per tree, 60 trees of the selected samples
were hand thinned to low (60 fruit tree™!), medium (100 fruit
tree™!), and high (140 fruit tree™!) crop load each year. The
average annual yield of the previous years was 50 t ha~!, which
would equal to 106 fruit per tree on the 3,125 trees per hectare
when targeting a fruit of 150 g FM at harvest.

At time intervals of 13-30 d during fruit development, starting
30 d after full bloom (DAFB) in both years until harvest, 30
randomly chosen apples from random trees were picked in
the early afternoon and stored at 10 + 2°C until the next
morning when respiration rate, dry matter, and C content were
measured for estimating the daily carbon requirements during
fruit development.

At commercial harvest (September 3, 2018 to September 9,
2019), randomly selected apples (2018: n = 180; 2019: all fruit
from nine trees, n = 1,240) were picked on one day and stored
at 10 £ 2°C until the next morning for measuring fruit quality.
Additionally, each apple of labeled trees (2018: n = 100; 2019:
n = 70) was harvested and measured by using a commercial
grading line.

During both seasons, the leaf CO, gas exchange rate was
recorded several times on the trees also sampled for fruit analysis.
When the canopies were fully developed in July, the total LA
per tree from all trees of the five rows (n = 996) was estimated
from the three-dimensional (3D) point clouds recorded with
a tractor-mounted LiDAR laser scanner. The estimations were

based on a regression model of LiDAR points per tree (PPT)
and the manually measured total LA of 16 trees with a LA meter
(Tsoulias et al., 2021).

Analyses of Fruit Growth, CO, Gas
Exchange, and Quality

Fruit diameter (D) and FM were measured by electronic
caliper (Type 1108, INSIZE, Suzhou, China) and an electronic
balance (CPA22480CE, Sartorius AG, Goettingen, Germany),
respectively. The CO; release rate providing the dark respiration
rate (Rgr) of 30 apples was measured by an IR CO, gas analyzer
(FYA600CO2, Ahlborn Mess- und Regelungstechnik GmbH,
Holzkirchen, Germany) in a self-build closed system (Linke et al.,
2010; Huyskens-Keil and Herppich, 2013). Rqr was measured at
various temperatures (2018: 10 4= 2°C; 20 £ 2°C; 2019: 10 £ 2°C;
20 £ 2°C at 50 DAFB, 5 &+ 2°C—25 =+ 2°C in five®C-steps at 56,
103, and 138 DAFB) after 2 h of temperature acclimation between
the measurements.

To quantify the daily amount of C respired per fruit, the
dark respiration rates measured in the lab were utilized to
generate a model of Ry of DAFB and Tmean. The rate of in
field fruit respiration (Ry.fe1q) was estimated by using the model
for the temperature measured in the field (T pean), neglecting
diurnal variations Ry.feld, which was used to calculate the daily
respiratory C losses per fruit (RCdaﬂy, g d~!) with a factor 0.27
representing relative mass contribution of C in CO; (Equation 1).

RCdaﬂy = Ryg.feld X FM x 24 x 0.27 (1)

Subsequently, the fruit was dried to constant mass (dry mass,
DM) at 80°C. From DM and FM, the dry matter fraction (DM,])
was calculated as the ratio of FM to DM.

Dry matter samples were homogenized by using a mixer
mill (MM400, Retsch Technology, Haan, Germany), and aliquots
(10 mg) of the homogenized DM were analyzed for their relative
C contents (C.) with an element analyzer (Vario EL III,
Elementar Analysensysteme GmbH, Hanau, Germany) at an
operational temperature of 1,150°C. The absolute C content per
fruit (Cpyip> g) was calculated as

Ceruit = FM X DM, X Cpe (2)

In commercial harvest, the SSC of individual fruit was analyzed
with a digital refractometer (DR-301-95, Kriiss, Hamburg,
Germany) and fruit flesh firmness with a texture analyzer (TA.XT,
Stable Micro Systems Ltd., Godalming, UK; 11.1 mm Magness-
Taylor probe). Flesh firmness was obtained as the maximum force
(N) at 10 mm penetration.

In addition, fruit harvested from the labeled trees (2018: n =
100; 2019: n = 70) were analyzed to capture fruit mass, color,
yield per tree, and the number of fruit per tree with a commercial
grader (GeoSort, Greefa, Tricht, The Netherlands).

Leaf CO, Gas Exchange

In both seasons (2018: 25, 58, 82, and 99 DAFB; 2019: 40,
47, 97, and 113 DAFB), light responses of steady-state leaf gas
exchange were measured on three mature spur leaves from the
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bearing shoots of three randomly selected trees from each of
the three crop load classes (n = 9 leaves per measurement date)
with a portable gas exchange system (LI-6400 XT with the LI-
6400-40 red/blue LED light source, LI-COR Inc., Lincoln, USA).
At ambient leaf temperature (Tie,), relative humidity, and a
constant CO, mole fraction (400 pmol mol~! in the reference
gas), analyses were performed at photosynthetic photon flux rate
(PPEFR) of 2,000, 250, 100, 50, 20, and 0 pmol m~2 s~! with
the minimum waiting time of 100 s before each measurement.
Maximum quantum yield (™*a, mol mol™!) and the rate of
light saturated CO; gas exchange (™*Jco2, pmol m~2s7!) were
analyzed (Matyssek and Herppich, 2017).

Measurement of LA per Tree

Bud break was recorded on March 22, 2018 and on March 18,
2019. The canopy LA was assumed to be fully developed after
1,200 growing degree days after bud break (base temperature =
4°C; Doerflinger et al., 2015) on July 13, 2018, 80 DAFB and July
7,2019, 84 DAFB. In the stage of fully developed canopy, all trees
(n = 996) of the five labeled rows were scanned by using a mobile
two-dimensional (2D) LiDAR laser scanner (LMS511 pro model,
Sick, Diisseldorf, Germany) at a scanning frequency of 25Hz
and a vertical scanning angle of 270°. The LiDAR laser scanner
was mounted on a tractor at 1.6m height, together with an
inertial measurement unit (MTi-G-710, XSENS, Enschede, The
Netherlands) and an RTK-GNSS positioning system (AgGPS 542,
Trimble, Sunnyvale, CA, USA) as described previously (Tsoulias
et al., 2019). The sensor system was driven (0.13 m s along
both sides of the trees, acquiring the 3D point cloud of each
individual tree for the five rows.

For tree segmentation, the position of each tree trunk was
located from the bivariate density histograms of LiDAR points
with an in-house developed (Tsoulias et al., 2019) Matlab script
(Version 2018b, The Mathworks Inc., Natick, MA, USA). A
vertical cylinder with a radius of 50 cm was projected based on the
trunk position. The points within the cylinder boundaries were
considered to belong to this tree and referred to as LIDAR PPT.
Reference trees were defoliated after LIDAR scanning, and the
area of each individual leaf was measured by using a LA meter
(CI-203, CID Bio-Science, Camas, WA, USA). The regression
model to convert PPT into total LA per tree (LALipar, m?) from
Tsoulias et al. (2021), which was established from the PPT of
reference trees (n = 6 in 2018; n = 7 in 2019) and the manually
measured total LA (Equations 3 and 4), was utilized to convert
PPT of each tree into LA[ipaR.

20187 A1 par(m?) = 9.719 x 107> x PPT + 1.84 (3)
20197 Apipar(m?) = 11.712 x 107> x PPT 4+ 0.75  (4)

Modeling of Fruit FM and C-Requirement

for Target Fruit Diameter

Seasonal changes of FM and Cg.; were interpolated over time
(DAFB) by using a sigmoid-growth model. To derive the growth
curves of apples by considering four harvest fruit diameters (65,
70, 75, and 80 mm), the growth equations based on the mean
fruit FM and Cg.;; were normalized with the measured mean
FM and Cgy at harvest. The growth curves of FM and Cgy; for

target fruit diameters (D) were obtained (Equations 5 and 6) by
multiplying the normalized growth functions with the target fruit
diameter at harvest and a conversion regression equation from D
to FM (Supplementary Figure 1).

FM(g) = FMporm(DAFB) x FM(D) x D (5)
Cfruit(g) == Cnorm(DAFB) X FM(D) x D x DMrel X Crel (6)

The first derivation of the resulting growth functions provided
the absolute growth rates (AGR, g dh considering FM (AGRgy)
and Cgyir (AGRc). The integral of AGRc over time in DAFB
provided the amount of C representing the fruit growth. The sum
of AGRc and RCdaﬂy denotes the daily C-requirement per fruit.
The LA “demanded” (LAgemand, €m?) to assimilate Rcdaily +
AGRc was estimated (Equation 7; Penzel et al., 2020) for each
tree sampled in the orchard and modeled for varying LA per tree
(3.6,5.5,and 7.7 m” represented the 5th, 50th, and 95th percentile
of the measured LArjpar, respectively). Daily fluctuations in
LA gdemand Were smoothed by a Savitzky-Golay filter, using the R-
Package “signal” (Ligges et al., 2015; sgolayfilt, filter order = 1,
filter length =9). Piaily (g m~2 d~1) reflects the C assimilated per
unit soil area per day (Equation 8).

Pyaily was calculated (Equation 8) as reported earlier (Lakso
and Johnson, 1990; Penzel et al., 2020). Pgqy was scaled up
for the whole tree (Pyee, g d™') by multiplying it with Guyotted,
which was 3.2 m? in equal planting distance of the orchard. Cpart
is a variable carbon-partitioning factor for the fraction of the
assimilated carbohydrates partitioned to fruit; it was set to 0.8
when the foliage of trees was fully developed (Xia et al., 2009;
Lakso, pers. communication). ZRCdaﬂy + AGRc was generally
reduced by 5% to roughly correct for fruit photosynthesis (Jones,
1981).

0.95 x (AGR¢ + RCyany)

( P daily X Cpart )
LAy charg > 10,000

™)

LAdemand (Cm2 ) =

The daily integral of solar radiation (S, M] m=2 d7!) was
recorded by using a pyranometer (CMP 3, Kipp & Zonen, Delft,
The Netherlands) in the spectral range of 300-2,800 nm. The day
length (DL, s) was obtained by considering the daily hours with
S > 0. The seasonal means of ™« and ™*Jco, were converted
into energy units with the conversion factor of PPFR to S in direct
sun light (0.4376; McCree, 1972). Pt (Equation 9) is a correction
for the temperature dependence of ™**]J¢0,, which was provided
by Lakso (pers. communication), utilizing the mean temperature
of the daily hours when S > 0 (Tpyean, day)- The fraction of light
intercepted by the canopy (LI) was calculated (Equation 10)
by considering the canopy light extinction coefficient (k) and
the fraction of total radiation incidence on the canopy (LIax),
which were set to 0.5 (Poblete-Echeverria et al., 2015) and 0.7
(Doerflinger et al., 2015), respectively. The individual LA index
of trees in the orchard (LAl charg) Was calculated by dividing
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LApipar with Gjotted (Equation 11).

mixy x § x DL x ™MXJCO2 x PT x LI
maxy x k x S + DL x M™&XJCO2 x Pr

x 0.27 (8)
P7[0 — 1] = 0.535 + 0.0384 X Tineanday — 0.0004126

X Tineanday” — 0.00001576 X Tmeanday”  (9)

LALorchard

Paiy(gd ") =

(=k x

LI[0 — 1] = LIpax x (1 — 7% Tha)) (10)
LALipaR

LAIorchard = l (11)
Gullotted

Modeled FBC

The FBC (Equation 12) of 996 trees was calculated by considering
the LAgemang for the four target fruit diameters, and the actual
LA was analyzed by using LIDAR (LAr;par). The ratio was built
for the relevant time of 15 d before and after the climax of
fruit growth.

LALipAR

FBC(fruit tree ™) =
LAdemand

(12)

Total Absorbed Photosynthetic Energy
The total absorbed photosynthetic energy (TAPE, MJ; Equation
13) of each tree was considered for the period of fully developed
canopy (FDC) LA until harvest. TAPE was divided by the number
of fruit per tree for obtaining the TAPE per fruit (M] fruit~?).
TAPE(MJ) = LIx » H3YS'S x 0.5 X Gallotted (13)
The incident photosynthetic active photon flux rate was
estimated by multiplying LI for each individual tree (Equation
10) with the integral of solar radiation, S, with the assumed
fraction of PAR on solar radiation (0.5; Szeicz, 1970), and with
Gallotted (3.2 m? in the present orchard).

Statistical Analyses

Descriptive analysis capturing regression analysis and ANOVA
were carried out in R (Version 3.4.1, R Core Team, 2018). CI
of 95% was used. The value of p < 0.05 was considered as
significant. The FBC of each individual tree was visualized by
Getis—Ord’s analysis at confidence levels >90% (c.f. Peeters et al.,
2015) calculated in ArcGIS (v.10.2.1, ESRI, Redlands, CA, USA).
Hot spot and cold spot analysis (Peeters et al., 2015) indicate trees
or clusters of trees having either a very high (hot spot) or a very
low (cold spot) Z score, either <-1.96 or >1.96, reflecting low and
high FBC, respectively.

RESULTS

Fruit Development and Its C-Requirement

Fruit development from full bloom to harvest in the beginning
of a climacteric peak lasted 11 d longer in 2019 (127 d)
than in 2018. Nevertheless, the mean fruit FM at harvest was
similar in both years (2018: 145 g; 2019: 150 g). Sigmoid-growth
functions were applied to interpolate the measured values of
FM and Cgy; and model the increase of FM and Cgy; during

fruit development (Supplementary Equations 1, 2). From the
normalized equations, sigmoid-growth curves were calculated by
considering the four target fruit diameters. The simulated growth
curves showed a horizontal shift explaining the difference of fruit
FM and C content multiplicative distributed over the season
(Figure 1).

Some data necessary for modeling the FBC, but not relevant
to point out the new findings on the effect of measured LA
on FBC, were presented in the Supplementary Material: The
fraction of DM on fruit FM with a mean of 0.15 in both
seasons (Supplementary Figure 2). The carbon content in the
fruit DM, C,, decreased from 0.51 at 30 DAFB to 0.48 at harvest
(Supplementary Equation 3 and Supplementary Figure 2). The
maximum values of the absolute fruit growth rate considering
C content, AGRc, were found at 101 DAFB in 2018 and
92 DAFB in 2019 (Supplementary Figure 3). The fruit dark
respiration rate decreased during fruit development and
increased with temperature (Supplementary Figure 4). At the
last measurement date of harvest, Rgp was slightly enhanced
in comparison to the two measurement dates before, indicating
the onset of a climacteric rise in fruit respiration. Temperature-
corrected RCdaily increased during fruit development due to
enhanced temperature in the orchard. However, the respiration-
related fraction, RCdaily, showed a high daily fluctuation
(Supplementary Figure 5) ranging from 5 to 15% in 2018 and
from 3 to 28% in 2019. Considering fruit of the same target
diameter, the modeled total amount of respiratory C loss from
50 DAFB till harvest was in a similar range for 2018 (0.57-1.11 g)
and 2019 (0.65-1.26 g). This fruit respiration accounted for 7%
(2018) and 10% (2019) of the carbon requirement of fruit in the
considered period.

The total carbon requirement of apples (Figure2) was
calculated by the sum of respiratory C loss and fruit growth,
which considers four target diameters in the period after cell
division till harvest. A horizontal shift of the sum of AGR¢
+ RCdaily appeared for the four target fruit diameters when
assuming a similar fruit growth over the season. The total fruit
carbon requirement was slightly higher in 2018 than in 2019
(Table 1). The seasonal maximum in the carbon requirements
per fruit appeared at 92 and 101 DAFB in 2018 and 2019,
respectively (Figure 2). The period £15 d from the seasonal
maximum in the carbon requirements per fruit in both years
(Figure 2) was considered for estimating the FBC of the trees.

LA and Canopy Carbon Assimilation

The maximum quantum efficiency of leaf photosynthesis (™™ «)
was not affected by either crop load, leaf temperature, season
or the actual leaf-to-air partial pressure deficit for water vapor
(Aw) in both years (not shown) and varied marginally during the
season as well as between both seasons (Figure 3A). Therefore,
the overall mean of ™*¢ 0.054 mol mol~! was considered in
all calculations (Equation 8). The seasonal variation of ™*Jco3
(Figure 3B) was slightly higher than that of ™™, due to the
stomatal effects mainly caused by pronounced seasonal changes
in Aw (data not shown). In 2019, at 40 and 46 DAFB, the
ratio between leaf internal (¢;) and ambient CO, concentrations
(ca), pointing to the degree of stomatal limitation of ™*Jco,,
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FIGURE 1 | Fresh mass (FM) (A,B) and absolute C content (Cy.it) (C,D) of ‘Gala’/M.9 apples during the season (black circle, n = 30) and at harvest (blue circle, 2018:
n = 180; 2019: n = 1,240) in days after full bloom (DAFB) in 2018 (A,C) and 2019 (B,D). Symbols represent the measured means, error bars show the SD, and solid
lines show the sigmoid-growth functions simulated for the fruit with 65, 70, 75, and 80 mm diameter at harvest (from the bottom to top).
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FIGURE 2 | Seasonal course of the sum of the C-based daily fruit growth rate
(AGRc, g d~") and daily respired C per fruit (FCqaiy, g d~7) of ‘Gala’/M.9
apples with target diameters of 65, 70, 75, and 80 mm (from the bottom to
top) during the DAFB in 2018 (A) and 2019 (B) in DAFB. The dotted vertical
lines represent the period £15 d of the fruit’s highest daily C-requirement
(2018: 86-116 DAFB; 2019: 77-107 DAFB).

was lower (0.06-0.22) than the ratio of the measured 77 and
97 DAFB (0.62-0.85). A regression of ™*Jco, against stomatal
conductance showed non-stomatal limited ™**Jco, at 19.8 jumol
m~2 57!, which was applied in both years.

The mean LiDAR-estimated total LA per tree (LArjpar) was
slightly higher in 2018 (5.8 m?) than that in 2019 (5.3 m?)
(Figure 4A), which corresponds to the slightly enhanced mean

TABLE 1 | Total fruit C demand calculated from the sum of absolute C-based
growth rates (AGR¢) and respiratory C loss (RCdany) of ‘Gala’/M.9 apples of the
four targeted fruit diameters for the period of 50 d after full bloom (DAFB) till
harvest in 2018 and 2019.

et (AGRc + *Caaiy) (9)

Target fruit 2018 2019
diameter (mm)

65 7.6 7.5
70 9.5 9.4
75 1.9 1.8
80 14.7 145

daily assimilated C in 2018. The estimated fraction of incident
light intercepted by the canopy (LI) estimated in Equation (10)
ranged between 0.3 and 0.6 in 2018, and 0.2 and 0.6 in 2019, with
a mean of 0.5 for both years. The temporal mean of assimilated
C (g) was analyzed for each tree to point out the impact of LA
on carbon gain without considering the fruit. Py was calculated
for each tree in mean conditions (2018: DL = 14h, S = 17.5 MJ
m® d7Y, Thyean:day = 25.7°C;2019: DL=15h,S =17 M m*d~,
Tmean;day = 21°C) for the period of the maximum fruit carbon
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FIGURE 4 | Total leaf area (LA) per tree estimated with light detection and
ranging (LIDAR) (LALIDAR) of a fully developed canopy (A) and mean daily
assimilated C per tree (Ptree) in the period of maximum daily fruit carbon
requirement (B) of ‘Gala’/M.9 apple trees in two consecutive years. Lower and
upper hinges of boxplots correspond to the first and third quartile, the dash
inside the box to the median, and the dot to the mean value.

requirement £15 d (Figure 4B). The data on daily carbon gain
per tree reflect the varying LApipar of each individual tree
(Figure 4).

The daily integral of solar radiation (S) was highly fluctuating
in both years (Figure 5A). Consequently, the daily carbon gain
of the trees (Pyee) fluctuated pronouncedly during the relevant
period of maximum carbon requirement by the fruit in both
years (Figures 5B,C) with maximum values of 24 (2018) and 25 g
d~! (2019) considering the overall mean LA of 5.5 m?. Figure 5
points out the impact of low, mean, and high LA on the daily
Piree. However, this analysis ignores the shading effects within
the canopy.

LA Demand and FBC Considering Target

Fruit Diameters

The LA demand per fruit (LAgemand) varied during fruit
development according to RCdai]y and Pggjly, which are affected by
temperature and solar radiation (Figure 6). Assuming a uniform
LA gemang for all trees in the orchard and one target fruit diameter,
the daily LAgemanq during the period of maximum fruit C-
requirement was slightly higher in 2018 than in 2019.

Regression analyses were carried out to quantify the
relationship between the mean LAgemang and the actual range
of measured LA using LiDAR. The regression models provide
the LAgemand necessary for the target fruit diameter in 2018
and 2019 (Table 2). LAgemang increased with the target fruit
diameter (Figures 6, 7). Additionally, LAgemand Was enhanced
with increased actual LApijpar (Figure7). It can be assumed
that a hyperbolic response of light interception to LAripar
and the associated canopy density (Equation 10) caused
this non-linearity.

The mean LA of each individual leaf, capturing the data from
both years, was 21 cm’. Consequently, the number of leaves
necessary per fruit would range from 12 to 57 leaves per fruit.

The FBC, calculated for each tree by the ratio of LArjpar and
LA gemand conferring all four target fruit diameters, ranged from
43 to 168 apples per tree (2018) and 28 to 179 apples per tree
(2019) (Figure 8). A maximum difference of 11 apples in FBC
between both years for the trees with the same LAy jpar and fruit
diameter was obtained.

In the present orchard, the number of flower clusters per tree
was highly variable with 50-220 in 2018 and 73-296 in 2019,
sufficient for each tree to meet the FBC when assuming that a
tree can generate one to two fruit per cluster at harvest. Trees (n
= 996) were classified according to their FBC with D = 65 mm
to locate the trees having a FBCgs below (cold spots) or above
(hot spots) the majority of trees. The values of Z between —1.96
and 1.96 represented the majority of the trees having a mean
FBCgs of 130 and 135 fruit tree ™! in 2018 and 2019, respectively.
Cold spots showed a mean FBCgs of 110 and 106 fruit tree ™1
whereas the trees representing hot spots had a mean FBCg5 of 156
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FIGURE 5 | Daily integrated solar radiation (S) in 2018 (solid lines) and 2019
(dashed lines) (A) and daily C gain per tree (Pyee) Of ‘Gala’/M9 during the time
of maximum daily fruit C-requirement (2018: 86—116 DAFB; 2019: 77-107
DAFB) (B: 2018; C: 2019). Py Was calculated for the trees of 3.6, 5.5, and
7.7 m? total LA (lines from the bottom to top), which represents the 5, 50, and
95th percentile of LA jpar of all 996 trees measured during both years.

and 155 fruit tree”! in 2018 and 2019, respectively (Figure 9).
Despite the findings of high variability of LA and FBC in the
orchard, the mean values of low, mean, and high crop load were
similar. However, cold and hot spots were found in different
locations by comparing both years. To conclude, the LA of a
certain year cannot be used for predicting hot and cold spots of
the following year.

The modeled FBC was validated by using measurements in a
commercial grader at harvest, considering each individual tree
(2018: n = 100; 2019: n = 70). The expected fruit diameter from
the modeled FBC was compared to the measured values of fruit
diameter in the grader: in both years, the actual number of fruit
per tree having D > 65 mm and the calculated FBC, considering
the actual average fruit diameter and LApjpar per tree were
similar as shown by their ratio (Table 3). The high SD, however,
pointed out a high percentage of trees with crop load above or
below the FBC.

Fruit Quality

The effect of TAPE considering LAripar of each individual tree
per fruit (Equation 13) on fruit quality was analyzed in the
laboratory. FM and diameter were enhanced with increasing
TAPE per fruit (Figure 10A). The FM of individual fruit showed
high SD, which increased with average FM (Figure 10B). A high
percentage of apples with D > 65 mm was found in all nine trees
analyzed completely in the laboratory (Figure 10C).

Fruit flesh firmness at harvest was 67 &= 9N in 2018 and 86
+ 9N in 2019, with a range between maximum and minimum
values of 76 N (2018) and 86 N (2019) (Supplementary Table 2).
TAPE per fruit had no effect on firmness in both years. In
contrast, TAPE per fruit affected SSC but to a different extent
comparing both years. The SSC was generally lower in 2019 than
in 2018 (Figure 11). The SD of SSC was not related to the mean
SSC at harvest (Figure 11B). Enhanced TAPE per fruit caused an
increased percentage of fruit having SSC > 12% from 30 to 80% in
2019 while the effect was less pronounced in 2018 (Figure 11C).

When all fruit per tree (2018: n = 100; 2019: n = 70) were
analyzed on the sorting line, a correlation of total yield per
tree and TAPE based on the LApjpar was found. The R* was
enhanced in 2018 compared to 2019 (Figure 12A). Additionally,
the percentage of fruit with D > 65mm was correlated with
TAPE per fruit (Figure 12B). In enhanced TAPE per fruit, more
than 60% of the apples had a marketable fruit D > 65 mm. The
slope of the curve indicated over 80% (2018) and 90% (2019)
of the marketable fruit at 7.5 and 5.9 MJ fruit™!, respectively
(Figure 12B).

High quality, considering the blush color, was defined as the
fruit showing >60% red blush of the entire fruit surface measured
with a commercial grader (Supplementary Table 2). In 86% of
the trees, high-quality blush color occurred in 80% of the entirely
harvested fruit. In 95% of the trees, at least 60% of the fruit
showed a high-quality red blush. However, no effect of TAPE
per fruit was found on blush color of the red ‘Gala’ strain in
both years.

DISCUSSION

Variability of FBC

This study aimed to model the FBC of each individual tree in a
commercial orchard for two consecutive years. A considerable
range of LA was found in the present study (Figure 4A). The
LA differences correspond to the associated mid-season range
of photosynthetic performance (Figures 4B, 5B) and, hence, the
growth capacity of each individual tree to produce fruit. The FBC
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FIGURE 6 | Daily LA demand [LAgemana (Cm?)] per fruit estimated for the four target fruit diameters (lines from bottom to top: 65, 70, 75, and 80 mm) of ‘Gala’/M.9
trees considering the orchard’s mean total LA of 5.5 m? during the period 15 d before and after maximum daily fruit C-requirement in (A) 2018 and (B) 2019. Dashed
lines represent the estimated daily values and solid lines are the values that are smoothed by using a Savitzky—-Golay filter.

TABLE 2 | Regression equations of the relationship between the mean LAgemand
and the light detection and ranging (LIDAR)-measured leaf area (LA ipar) for the
estimation of the LA necessary to yield fruit of the target diameter (D) in 2018
and 2019.

Year Regression equation Equation

2018 LAdemand = —714.6813 + 14.4682 x D - 14
113.006 x LA par + 2.2882 x D x LA par

2019 LAdemand = —667.0759 + 13.5078 x D - 15

105.5594 x LAipar + 2.1374 x D x LALipar

FIGURE 7 | Mean LA demand per fruit (°"®LAgemand, “°'°LAdemand, CM?)
considering the four target fruit diameters (D) of ‘Gala’/M.9 apple in 2018 (gray
circle, dotted line) and 2019 (black triangle, solid line) for the trees with different
total LAs (LALipar, M?) in the period of 15 d before and after the highest daily
C-requirement per fruit (2018: 86-116 DAFB; 2019: 77-107 DAFB).

for the desired mean fruit diameter varies between 65 and 80 mm
(Figure 8). The FBC was calculated by considering the period of
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FIGURE 8 | Mean fruit-bearing capacity [FBC (fruit tree~ )] considering the
four target fruit diameters (D) of the ‘Gala’/M.9 apple in 2018 (open box plots)
and 2019 (gray box plots) for 996 trees per year in the period of 15 d before
and after the highest daily fruit C-requirement (2018: 86-116 DAFB; 2019:
77-107 DAFB).

seasonal maximum in fruit growth and the resulting maximum
daily fruit C-requirement. In this period, the LA of the canopy is
already fully developed.

The measured input data of the FBC model (fruit growth rate,
fruit and leaf CO; gas exchange rates) are in close agreement with
the ranges reported in the previous studies on apple (Yuri et al.,
2011; Bairam et al., 2019; Penzel et al., 2020). Enabling fruit to
meet their maximum growth potential, which frequently refers
to sink limited fruit growth (Reyes et al., 2016), is commercially
always avoided. For maximum fruit growth rates, low crop loads
are required, which lead to low yield and possible physiological
disorders of fruit (Ferguson et al., 1999). Moreover, low crop load
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TABLE 3 | The ratio between the actual number of fruit per tree with diameter (D) -—
>65 mm considering all fruit measured when harvesting whole trees and modeling > 20 A
fruit-bearing capacity (FBC) for the actual average fruit diameter at harvest of Lt
‘Gala’ trees in 2 years. o
Year N;.l:nber Nusr;\ber of fl‘l:it V\I/I't:th > 4 7 10 13
of trees mm per tree, . s
(mean  SD) TAPE per Fruit [MJ Fruit -]
2018 100 0.97 £ 0.39 FIGURE 10 | Relationships between FM (mean + SD) per tree (n = 9)
2019 75 1.05 + 0.29 harvested completely and the number of fruit per TAPE per fruit (TAPE* fruit—1)
(A); SD of FM and mean FM (B); percentage of a fruit with D > 65 mm and
TAPE fruit~" (C) in: ‘Gala’ apples in 2018 [closed triangle, solid line; (A) R* =
0.16; (B) R* = 0.38; (C) not significant] and 2019 [open triangle, dashed line;
2 __ . 2 __ . 2 __ . | . .
may negatively affect the net CO, exchange rate of apple leaves gﬁ)jsg_Do A2F3E;)(B) R =077;(C) A" = 0.89] (2018: 80-127 DAFB; 2019:
(Palmer et al., 1997; Pallas et al., 2018). In “Braeburn”/M.26 trees, '

planted at 5m x 2.5m, mean mid-season leaf net CO, exchange
rate was reduced when the LA per fruit (LA:F) of the whole tree
exceeded 830 cm® (Palmer et al.,, 1997). In the present study,
however, crop load did not have any effect on ™*Jco, (Figure 3),
presumably because the LA:F, ranging from 340 cm? to 780 cm?
(data not shown), did not exceed this threshold. Consequently,

the reduction of photosynthetic performance can be assumed as
a marginal influence on the present findings.

The feasibility of the FBC model was confirmed by comparing
the modeled FBC of each individual tree and the measured mean
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the total absorbed photosynthetic energy (TAPE)* per fruit (A); SD and mean FIGURE 12 | Relationship between the total yield per tree and TAPE* (MJ) (A);
SSC (B); the percentage of fruit with SSC > 12% per tree according to TAPE the percentage of the marketable fruit with D > 65 mm and TAPE per fruit (MJ
per frit (C) of ‘Gala’ fruit from each individual tree (1 = 9) in 2018 [closed fruit™") (B) of ‘Gala’ in 2018 [closed triangle, sohdzlme, (AR = ?.40; (B)R* =
triangle, solid line; (A) R* = 0.16; (C) ns] and 2019 [open triangle, dashed line; 0.25] and 2019 [open triangle, dashed line, (A) R* = 0.63; (B) * = 0.58]
(A) R* = 0.23; (C) R* = 0.73] (2018: 80-127 DAFB; 2019: 84-138 DAFB). (2018: 80-127 DAFB; 2019: 84-138 DAFB).

fruit diameter of the trees as a reference diameter. The ratio
obtained was close to 1, proving that the model meets the real-
world conditions. Consequently, the FBC provides a concept for
simulating the optimum crop load for each tree. The application
of FBC for evaluating the actual crop load of each individual tree
and addressing the precise management of orchards is potentially
based on the decision of each individual tree.

Nevertheless, in the commercial orchard, crop load exceeded
the estimated FBC in a considerable number of trees without
any negative effects on the mean fruit diameter. It can be
assumed that the model fails to account completely for the
difference in canopy light extinction coefficient between the trees
(Poblete-Echeverria et al., 2015). Actually, a few physiologically

based tree metrics are available for tree design and annual
pruning (Breen et al., 2021). Breen et al. (2021) reported that
by means of the standardized six limbs per meter of vertical
canopy height, light penetration into the inner parts of apple
canopies can be increased without any negative consequences
on light interception. This improves especially the percentage
of a premium class fruit, and reduces variability among the
fruit. In the present study, the number of limbs per meter of
vertical canopy height varied between 6.6 and 21.3, exceeding the
proposed ideal number.

The approach of modeling the LA demand to meet the carbon
requirement of developing fruit to specific fruit sizes can provide
an additional application. It may contribute to understand the
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TABLE 4 | FBC considering the four target fruit diameters (D) converted into fresh
mass (FM) of ‘Gala’/M.9 apple trees in 2018 and 2019 of trees with a mean of 5.5
m? total LA; the total absorbed photosynthetic energy (TAPE) (MJ fruit=") per fruit
considering the FBC; the measured FM receiving this TAPE per fruit, the ratio
between the targeted fruit FM and measured FM.

Year D (mm), FBC TAPE fruit™’ FM Ratio between targeted
FM (g) (fruit tree~") (MJ fruit-') (TAPE FM and FM
fruit=") (g) (TAPE fruit™")
2018 65, 102 130 5.4 116.8 0.9
70,129 98 74 126.0 1.0
75,161 79 8.8 135.3 1.2
80, 198 66 10.5 144.5 1.4
2019 65, 102 139 5.5 141.0 0.7
70,129 105 7.3 159.6 0.8
75,161 85 9.0 178.1 0.9
80, 198 71 10.8 196.7 1.0

effect of variable LA:F ratios on fruit mass, which was investigated
on either whole trees of a similar size or exposed girdled branches
(Palmer etal., 1997; Bairam et al., 2019). Remote sensing provides
anew tool to study the LA demand per fruit for specific diameters
in different planting systems. However, one limitation is that
the LA demand is an average value of the whole tree, not
representing the individual types of leaves and distances between
leaves and fruit. Consequently, no conclusions about the fruit size
distribution in the individual branch level can be made.

Modeling the LA Demand for Different Fruit

Sizes

To meet the consumer’s preferences, commercial fruit quality
requirements demand a minimum fruit diameter of 65 mm while
at least 60% of the fruit surface must be covered with red blush.
The firmness of a high-quality ‘Gala’ fruit should be below 62N
(Harker et al., 2008) and SSC at least 12% (Saei et al., 2011).
In the present study, most of the fruit met these consumer
preferences when the number of fruit per tree was in the range
of the FBC estimated for the target fruit diameters (Figures 8,
10-12 and Supplementary Table 2). With the present approach,
an assessment method for the optimum number of fruit per
individual tree targeting a certain fruit size becomes available. For
applying the FBC in a VRA or field-uniform thinning measure,
a few variables are requested: The conversion factor for turning
fruit diameter into FM can be obtained on the farm. The LA
needs to be known, and here more methods and commercial
services are becoming available at present (Tsoulias et al., 2021).
For a field-uniform assessment, the mean LA of 5.5 m?, found in
the present study can be applied as an example (Table 4). With
target FM or diameter, known LA, fruit respiration rate from
extension service or literature, and weather data from satellite or
weather station, the calculation of FBC is enabled (Equation 12).
The FBC for the desired fruit diameter can serve as the target crop
load in thinning measures (Table 4), e.g., to evaluate whether
and to what extent thinning practices are required. In order to
account for the production system of the orchard, the TAPE can
be considered additionally.

A previous work indicated a lower firmness in apples
grown on trees with high crop load compared to low crop
load trees (Link, 2000; Serra et al., 2016). Therefore, it was
expected that fruit firmness would respond to TAPE per fruit,
as did FM and SSC. However, this was not found in the
present study.

Both yield and average mass of fruit were directly affected by
TAPE and TAPE per fruit confirming the validity of the concept
of modeling the FBC of apple trees. With a similar approach,
Wiinsche et al. (1996) explained differences in productivity of
apple growing systems by the amount of intercepted radiation
capturing a 2-weeks period. Furthermore, a high TAPE per
fruit (2018: 7.4 MJ fruit~!; 2019: 5.5 MJ fruit~!, Figure 11B) is
required for the trees to achieve a high percentage of fruit with
D > 65mm. At this TAPE per fruit, representing a LA:F ratio
of approx. 550 cm? 80% of the apples reached D > 65mm in
both years. Thus, this LA:F can be seen as a threshold target
for crop load management to achieve a marketable average fruit
mass in the present orchard. The threshold is expected to differ
in other orchards.

When the number of fruit per tree appeared in the
range of FBC, the TAPE per fruit was above the 7.4 MJ
fruit™! only when targeting D > 70mm in 2018; and
above 5.5 MJ fruit™! when targeting D > 65mm in 2019
(Table 4). The modeled FBC slightly underestimated the
actual FBC. However, with the presented empirical model
(Figures 7, 8) a target fruit diameter for specific markets can
be approached.

The SD of SSC in 2018 was negatively correlated with TAPE
per fruit, indicating that differences in SSC can be reduced by
the precise management of crop load. The maximum between-
tree variability in the mean SSC was 1.4%, which was similar to
the data previously reported for ‘Gala’ apples (Hoehn et al., 2003;
Pilar Mata et al., 2006). Within-tree SSC is additionally influenced
by the fruit position in the canopy (Nilsson and Gustavsson,
2007) and, thus, fruit exposure to sunlight (Zhang et al., 2016),
distance to the leaves, and other sink organs. In ‘Gala’/M.26
apples, the mean SSC between fruit from the inner and outer part
of canopies differed up to 1.4% (Feng et al., 2014).

The estimation of FBC of each individual tree can be applied
to develop VRAs of thinning. Mechanical VRA in thinning
based on the flower set of the trees avoided over-thinning
of each individual tree with a low flower set, which could
increase the fruit yield by 1.4-7.6t ha™! (Penzel et al., 2021).
Knowledge on the actual FBC of each individual tree may prevent
overestimation and underestimation of thinning intensity and
yield as confirmed in two commercial apple orchards earlier. The
number of fruit per tree of 23%, 31% of the considered trees
were below the FBC, although the per tree flower cluster numbers
would have enabled to meet the FBC (Penzel et al., 2020). Yield
reduction due to the uniform thinning of trees with variable FBC
may be avoided by the knowledge on FBC.

However, for a precise VRA in crop load management
of each individual tree, FBC needs to be analyzed each year
since the FBC of each individual tree differs between the years
(Figure 9). Individual LA of trees of the fully developed canopies
may be estimated from the early season LA or the number of
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spurs and extensions that shoots in a growth model of growing
degree days (Lakso and Johnson, 1990). Furthermore, when
the actual crop load data of each individual tree will become
available (Apolo-Apolo et al., 2020; Tsoulias et al., 2020a),
the difference between FBC and the actual crop load will
provide a decision support for each individual tree, enabling
VR thinning.

CONCLUSION

The overall variability of LA per tree and the associated FBC
were found in two consecutive years. This finding points to
potentially erratic crop load management when field-uniform
thinning intensity is applied.

The number of photons per fruit intercepted by the tree during
the growing season determined fruit mass and SSC. To produce
80% of the fruit with a D > 65 mm, >7.4 MJ fruit™! (2018), and
>5.5 MJ fruit~! (2019) were needed. Such values represented
the LA to fruit ratio above 550 ¢cm” in the present orchard.
The mean LA of 5.5 m” provided the FBC ranging from 66 to
139 fruit when targeting varying harvest fruit diameters (65—
80 mm). The corresponding TAPE per fruit ranged from 5.4 to
10.8 MJ fruit ™!

Consequently, the FBC to produce a desired mean fruit
diameter per tree can be feasibly estimated based on the
availability of LA data per tree. The branch autonomy
considering source-to-sink and sink-to-sink distances needs to
be further investigated, potentially by combining related models
and advanced LiDAR readings distinguishing the type of leaf and
fruit. With the carbon balance and new sensor data, the variable
rate thinning adjusting the thinning intensity for each tree can,
therefore, be supported.
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Supplementary material
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Figure S1

Allometric relationships between (a) diameter (D) and fresh mass (FM), (b) FM and D of
developing ' Gala'/M.9 apple fruit (n = 460) sampled at several dates during the growing
seasons in 2018 and 2019 (Fig. 2). The vertical lines indicates the minimum fruit diameter for
market entry of 65 mm, the solid lines regression models to convert D into FM and FM into D.
(FM = 939.73 - 199741/((1.05202)° + 211.527), R2 = 0.98; D = 10.465 + 90.45152 x FM x
(64.614448 + FM)', R2 = 0.99)
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Figure S2

Time course in d after full bloom (DAFB) of average fraction of dry matter on fresh mass
(triangles, DMj) in 2018 (triangle pointing up), 2019 (triangle pointing down) and fractions of
elemental C on DM, in 2018 (circle, Cre) of developing 'Brookfield Gala'/M.9 apple fruit. (Crel
=50.837 - 0.0273 x DAFB, p=0.01, R2=0.72)



Table S1

Normalised equations of seasonal fruit development considering fresh mass (FMnorm) and
elemental C content (Cnorm) Of ' Gala' apple fruit expressed over time in days after full bloom
(DAFB) in two years.

Year Equations No.
2018 _ 193.1
FMnorm—1.16-m 811
_ i 132.83 S2.1
Crorm = 1.28 (1.0476)°A78 + 103.39
2019 - ) 323.99
FMoom = 1.04 (1.068)PAFB+ 312.55 S1.2
_ 189.26
Cnorm - 106223 = (1_06)DAFB + 17763 822
Cre(DAFB) = 50.837 - 0.0273 x DAFB, p=0.01, R2=0.72 (Eq. S3)
0.3 a 0.3 b
= 02 0.2
o
o)
o
0]
< 0.1 % 0.1 A
0.0 0.0
30 60 90 120 150 30 60 90 120 150
Time [DAFB]

Figure S3

Absolute growth rate in C content (AGR¢) during 2018 (a) and 2019 (b) in the days after full
bloom (DAFB) simulated for ' Gala'/M.9 apples with target fruit diameters of 65 mm, 70 mm,

75 mm and 80 mm (from the bottom to top).



Figure S4

Fruit respiration rate, Ry, of ' Gala' apple during cell expansion and ripening stage of fruit. The
R4t model considers the time, d after full bloom (DAFB), temperature (T): Rt = 425.6 - 122.7 %
In(DAFB) - 0.0097 x DAFB x T + 2.31 x T + 1.31 x DAFB, p<0.001; R = 0.87.

Table S2

Fruit firmness, hue angle of 'Gala' apple fruit and percentage of fruit with >60 % red blush of

the fruit surface of 'Gala’ trees in two years measured at harvest.

Frax [N]* hue angle! Percentage of fruit with > 60 % red blush [%]?
Year Min. Max. Mean Min. Max. Mean Min. Max. Mean
2018 41 98 67 22 87 38 31 99 82
2019 50 115 86 - - - 44 100 64

Yindividual fruit, 2018: n=180, 2019: n=1240; %individual trees, 2018: n=100, 2019: n=70
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Figure S5

(a) Mean daily orchard temperature (Tmean) in 2 m height, (b) temperature (Tmean)-corrected
field-measured fruit respiration rate (Raseis; 2018: solid line, 2019: dashed line), (¢, d) amount
of C respired per fruit and day (RCuqaiy) of ' Gala'/M.9 apples with the target diameters of 65 mm,
70 mm, 75 mm and 80 mm (from the bottom up) during the days after full bloom (DAFB) in
2018 (c) and 2019 (d).



6. Discussion

6.1. Summary and hypotheses

Fruit growers will face many challenges in the future, e.g. climate change, labour scarcity,
increasing production costs, competition with growers from other countries, and increasing
consumer demand for more environmentally sustainable production methods. Means of
precision horticulture, including mapping of soil, climate, and plant variables, data
management, precise decision making, and site-specific orchard management (Zude-
Sasse et al., 2016; Manfrini et al., 2020) may provide solutions to meet some of these
challenges. Considering the newly available sensor data, which cannot be used directly in
the horticultural process, it is expected that plant physiological and agronomic models will
be key elements of future site-specific orchard management. The models will serve a key
purpose in the interpretation of mapped data and to derive management decisions out of
it. This would allow crop management of individual fruit trees to be adapted to their spatial
and temporal conditions (variable rate application), potentially leading to enhanced
productivity and overall fruit quality. The main objective of this research was to investigate
the potential of adapting crop load management of apples to the conditions of individual
trees, in order to manage spatial variability in flower and fruit set and the fruit bearing
capacity. A theoretical framework to model the fruit bearing capacity of individual trees and
evaluate the actual crop load of trees (Chpts. 4, 5) was developed. The model can be
utilised as part of the control system for a mechatronic system for crop load management

in variable rates.

In crop load management of apples, no site-specific management solutions to treat
individual trees or groups of trees are currently available (Verbiest et al., 2020). However,
it was shown that inter-tree and inter-season variability in flower set, fruit set, leaf area per
tree, and fruit bearing capacity is abundant in commercial apple orchards (Chpts. 3-5),

confirming hypothesis 1:

“The total leaf area, flower and fruit set of apple trees appears variable within

commercial apple orchards”

The average capacity of fruit trees to bear fruit of a specific diameter at time of harvest can
be estimated by using the stem cross-sectional area (Treder et al., 2010) of sampled trees,
historical yield data (Handschack and Schmidt, 1990), or the total leaf area (Preston,
1954). The latter may be most precise, but lacked, until recently, suitable methods to map

the leaf area of all the trees within an orchard. However, these methods are not sufficient
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to generate target fruit numbers of each individual tree of an orchard, as the trees are
heterogeneous in total leaf area. The trunk cross sectional area of a tree is frequently used
to calculate the crop density of trees (number of fruit per cm? trunk cross sectional area),
e.g. in crop load trials (Treder et al., 2010; Anthony et al., 2019). That is, because the total
leaf area of a tree canopy appears correlated to the trunk cross sectional area (Lo Bianco,
2019). However, the trunk cross sectional area of each tree increases annually at different
rates (Treder et al., 2010), e.g. in response to varying crop load levels (Reyes et al., 2016)
or irrigation treatment (Mills et al., 1996). In addition, commercial orchards are routinely
pruned, targeting a similar shape of the trees’ canopy in each year. Therefore, the
relationships between trunk cross sectional area and total leaf area are year sensitive, but
differ between individual trees, particularly when crop load and soil properties vary
spatially. The latter was frequently observed in commercial fruit orchards (Aggelopoulou
et al., 2011; Umali et al., 2012; Tsoulias et al., 2020), especially in orchards located on
soils which were formed by glacial and post-glacial deposits (Kathner and Zude, 2015;
Kathner et al., 2017). Spatial variability in soil properties is, among others, one important
contributor to inter-tree variability in vegetative and reproductive canopy parameters,
including the trunk cross sectional area (Peeters et al., 2015; Manfrini et al., 2020).
Consequently, the trunk cross sectional area is not suitable for accurately predicting the

trees’ individual production targets.

In the presented work (Chpts. 4, 5), a novel approach was developed to predict the fruit
bearing capacity of individual trees by integrating the total leaf area of each tree, fruit
growth rates, and seasonal climate conditions into a carbon balance model. For the
mapping of the individual trees’ leaf area, a terrestrial two-dimensional light detection and
ranging (LIDAR) laser scanner was utilised. The carbon gas exchange of the leaf was
measured with a portable photosynthetic system in the field, while the fruit carbon gas
exchange was measured with mobile closed respiration chambers in the lab. The climate
data were recorded by a weather station in the same orchard. The developed model can
be utilised to evaluate the actual crop load of trees and can serve as a potential tool for
decision making in crop load management. The modelling approach was orientated on
previous work of Alan N. Lakso and co-workers from Cornell University (Francesconi et
al., 1996; Lakso et al., 1996). The validity of the model was proven (Chpts. 4, 5) by
modelling the fruit bearing capacity of sampled trees in three orchards with different
cultivars (2018: 'Gala: 100 trees, 'RoHo 3615'": 45 trees, 'Pinova': 35 trees; 2019: 'Gala":
70 trees) and taking into consideration the mean harvest fruit diameter per tree and the

measured total leaf area of the individual trees. The estimated optimum number of fruit per
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tree to produce fruit of the actual mean harvest fruit diameter and the number of fruit per

tree were in good agreement (Chpt. 5), proving hypothesis 2:

“With the modelled fruit bearing capacity the number of fruit per tree can be

evaluated in terms of a desired mean fruit diameter”

In the very early studies on the required leaf area to fruit ratio to produce marketable fruit
(Magness et al., 1931; Preston, 1954; Hansen, 1969), a linear relationship between leaf
area per tree and the number of fruit a tree can produce was expected. However, with
increasing leaf area per tree, the mutual shading of neighbouring leaves as well as the
fraction of shaded leaves in comparison to sunlit leaves also increases. Therefore, the
relationship between total leaf area per tree and light interception was described with a
hyperbolic function (Jackson and Palmer, 1980; Chpt. 4: Eq. 5). By utilising the hyperbolic
function of total leaf area per tree and determining the light interception, the total absorbed
photons per tree during specific periods can be estimated (Chpt. 5: Eq. 13). A linear
relationship was found between total yield per tree and total absorbed photons per tree
during the cell expansion stage of fruit development (Chpt. 5: Fig. 12). The results confirm
earlier studies investigating relationships between orchard yield and light interception
(Robinson and Lakso, 1991; Winsche et al., 1996). Additionally, the magnitude of the
mean fruit mass and soluble solids content of the fruit at harvest correlated with the amount
of photons that the foliage of the tree has intercepted per fruit during the cell expansion

stage of fruit development, confirming hypothesis 3:

“The average magnitude of fruit quality parameters per tree respond to the

number of photons intercepted per fruit during the growing period”

This relationship further illustrates the limited ability of trees, variable in leaf area and light
interception, to bear fruit with varying requirements in seasonally intercepted photons in
order to grow to desired fruit diameters. Additionally, this relationship proves the validity of
the modelling approach for the fruit bearing capacity of apple trees here presented. Inter-
tree variability in flower clusters (Penzel et al., 2020b; Vanbrabant et al, 2020), fruit
(Manfrini et al., 2020; Aggelopoulou et al., 2010) and leaf area per tree (Sanz et al., 2018)
were previously reported. However, the effect of uniform crop load management on trees
variable in flower set, fruit per tree, or total leaf area were not yet evaluated. Studying
mechanical thinning of trees variable in flower set revealed that uniform management led
to annual yield reduction in two apple cultivars by up to 7.6 t per hectare (Chpt. 3).
Furthermore, it was demonstrated that uniform flower thinning of trees, variable in total leaf

area and associated fruit bearing capacity, led to numbers of fruit per tree below the fruit
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bearing capacity on 23 % - 31 % of the sampled trees, despite abundant flower clusters
(Chpt. 4). If managed according to the fruit bearing capacity, the trees could potentially

bear 6 % higher yields. The experimental sets confirmed the hypotheses 4 and 5:

“Uniform crop load management leads to yield and fruit quality losses considering

individual trees”

“Uniform crop load management of apple orchards leads to inaccurate numbers of
fruit per tree deviant from the optimum number of fruit per tree defined by the fruit

bearing capacity in orchards with inter-tree variability in total leaf area”

Since the effect of high crop loads on fruit quality and crop value was not evaluated in the
experiments (Chpts. 3-5), no conclusive statement could be made on fruit quality losses
as a consequence of field uniform crop load management. However, minimum thresholds
of absorbed photons per fruit for individual trees to achieve desired mean fruit fresh mass,
soluble solids content (SSC), and percentage of marketable yield (Chpt. 5: Figs. 10-12)
were generated. With the thresholds, the effect of high crop load on fruit fresh mass,
diameter, and SSC can be evaluated for individual trees in both years. In general, a low
crop value is expected on trees with excessive crop load, leading to high yield of low-
quality fruit (Robinson et al., 2017; Chpt. 3: Tab. 3; Chpt. 4: Fig. 10), as well as delayed
fruit maturity (Anthony et al., 2019).

The observation that high crop loads can lead to low fruit size and delayed maturity also
applies to other temperate fruit species e.g. pear (Naor et al., 2000; Bound, 2015), plum
(Meland and Birken, 2010), and sweet cherries (Penzel et al., 2020a; Penzel et al., 2021).
Therefore, crop load management is also an important management practice in other fruit
species in order to achieve a high quantity of high quality fruit annually. Although crop load
management practices differ between fruit species, the proposed model of the fruit bearing
capacity can potentially be applied for the evaluation of the actual fruit set and decision

making in other fruit species.
6.2. A concept for variable rate management of crop load

The application of mechanical and chemical thinning in the apple production has been
semi-automated for many years (Dennis, 2000; Costa et al. 2018). However, both
practices are performed uniformly within an orchard, which can lead to yield losses (Chpts.
3, 4) and, in case of chemical thinning, to an excess of the used thinning agents. When
the thinning is performed in variable rates, taking into consideration the actual flower set

or fruit set and the fruit bearing capacity of each tree, yield losses may be avoidable (Chpts.
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3, 4). Furthermore, the inter-tree variability in fruit quality may be reduced and a target fruit
quality at time of harvest can be approached. A system for fully automated variable-rate
thinning of apple trees would consist of a vision system, a control system which integrates
tree morphology and physiology, production targets, and an actuator which carries out the
thinning (Wouters, 2014; Lyons et al., 2015, Pflanz et al., 2016). The vision system is
required to collect and interpret tree-specific data, from which the control system can
derive tree-individual management decisions (Fig. 6-1). In this context, the here proposed
equations of the fruit bearing capacity (Chpt. 4: Egs. 8,9; Chpt. 5: Eq. 12, Tab. 2) would
serve as plant physiological model to calculate the optimum fruit number per tree based
on the mapped total leaf area per tree and the desired production target. The output of the
model can further be utilised as an input for an agronomic model comparing the actual
number of fruit per tree to the optimum number of fruit per tree to make the decision
whether or not and to what extent thinning should be performed in order to achieve the
production target. Finally, the thinning decision leads to a command for the thinning device,
which takes into consideration the current settings of the thinning devise as well as the
platform the devise is mounted e.g. position, operational speed, vehicle speed, and
inclination. Subsequently to each thinning process, further monitoring of the actual crop
load is required to evaluate the necessity of further thinning. In the case of sensor-
controlled pneumatic flower bud thinning utilising compressed air, Wouters (2014)
proposed the installation of a second sensor for the monitoring of the thinning success as
a feedback to the control system. However, the fruit set response to thinning treatment is
visibly temporally delayed. Following mechanical fruit thinning, the fruit drop, which occurs
for several weeks after bloom, frequently appears reduced (Kon et al., 2013; Penzel et al.,
2020b). Subsequent to chemical fruit thinning, in contrast, the fruit drop is enhanced (Yuan
and Greene, 2000; Chpt. 2) when the thinning process was successful. Therefore, a
certain amount of time before re-monitoring of the fruit set as a feedback to the thinning
treatment is required. In practice, fruit thinning is frequently performed several times (Chpt.
2), depending on the weather conditions and the fruit set response to the thinning
treatment. It would further be possible to evaluate the fruit set and fruit set response to
thinning treatments with a fruit abscission model (Greene et al., 2013) before the tree has
shed all the fruit whose fate it is to abscise. The crucial period for fruit thinning ends about
four weeks after full bloom. Afterwards, the promoting effect of thinning treatment on flower
induction (Belhassine et al., 2019) and fruit growth (Lakso et al., 1995) decreases. During
this period, repeated measurements of the leaf area may be necessary for accurately
modelling of the fruit bearing capacity because of the temporal changes in annual shoots’

growth rates (Pallas et al., 2016; Reyes et al., 2016) and the associated total leaf area of
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the tree (Chpt. 4). Nevertheless, shoot growth can be accurately predicted based on

growing degree-days (Johnson and Lakso, 1985; Reyes et al., 2016).
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Figure 6-1

Integration of the fruit bearing capacity into a concept for precise crop load management
of apple according to the phenological stages (BBCH codes, Meier et al., 2009) and
required input variables for management decisions

Subsequent to mechanical and chemical thinning, manual hand fruit thinning is frequently
performed in commercial orchards. Modelling the fruit bearing capacity and comparing it

to the actual fruit set can lead to decision support in manual fruit thinning. With this
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approach, individual trees or regions within an orchard can potentially be located, where
hand thinning to adjust the number of fruit per tree is required. Besides reducing the
number of fruit, hand thinning also intends to remove deformed, shaded, and damaged
fruit to prevent their harvest and save the carbon for the harvested fruit. Also this step
reduces the sorting out in subsequent steps of the value chain, in which damaged fruit

result in food waste.

The required tree-individual input data (Fig. 6-1) to estimate the fruit bearing capacity and
evaluate the tree actual flower or fruit set can be recorded with high precision using optical
sensors (Chpt. 1: Tab. 1-2). For the fruit detection in apples, frequent studies were carried
out (Chpt. 1: Tab. 1-2). In the four week period post-bloom, apple fruit diameters below
20 mm are expected, which have not yet been mapped spatially. However, it was shown
that olives, which have similar size and colour ranges as apples in an early developmental
stage, can be detected on the tree by utilising RGB-Sensors (Aquino et al., 2020). The
application of neuronal networks can further enhance the accuracy of fruit detection
(Gongal et al., 2015; Bresilla et al., 2019), which increases with the number of training
images (Koirala et al.,, 2019). Real time availability and processing of the sensor data
would be desirable when crop load management is performed in one pass through the
orchard. Otherwise, spatial maps of the flower set, fruit set, and fruit bearing capacity can
be generated and utilised subsequently in the thinning process. Possible sensor platforms
for spatial recording of individual tree data are the existing farm machinery, stationary
sensors mounted on the tree, unmanned aerial or ground vehicles, or satellites (Zude-
Sasse et al., 2016). In apple orchards, tractors have a great advantage as a platform for
sensors because in regular orchard management, they are commonly used for the often
over twenty individual applications of plant protection agents and plant growth regulators
per year (RolRberg and Harzer, 2015). Other orchard management tasks e.g. fertiliser
applications, mechanical pruning, and ground maintenance are additionally performed in
each row of an orchard by utilising tractors. Consequently, there is a high potential of
mapping individual tree data frequently while performing the regular orchard management.
Furthermore, sensors that are mounted on ground vehicles are located relatively close to
the canopy, which may increase the accuracy of the mapping in comparison to sensors
mounted on air vehicles or satellites as a platform (Zude-Sasse et al., 2016). The thinning
in variable rates can be performed either with mechanical thinning devices (Wouters, 2014;
Pflanz et al., 2016; Riehle, 2020) or, in the case of chemical thinning, with variable rate
orchard sprayers (Wandkar et al., 2018; Zhang et al., 2018; Fessler et al., 2020), capable

of targeting individual trees. Knowledge of the individual trees’ fruit bearing capacity would
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enable a significant improvement in site-specific crop load management in variable rates
beyond the current practice of uniform treatment of each tree. The long-term goal is to
develop a closed-loop control system to evaluate individual trees’ flower and fruit set and

to adjust both until the desired levels are achieved (Fig. 6-1).

Verbiest et al., (2020) mentioned that the shape of the trees’ canopies are one limitation
for the implementation of sensing and automation technology in orchard management.
Current canopies often have three-dimensional structures with branches and fruit covering
other branches and fruit; one source of errors in their detection (Gongal et al., 2015; Huang
et al., 2020). To increase the precision in mapping orchard data, narrow canopy structures
with reduced overlapping of neighbouring fruit and leaves and a low fraction of shaded
leaves are essential. The accessibility of branches and fruit will be requirements that future
tree shapes must meet (He and Schupp, 2018). Various training systems for apple trees
with narrow canopies and accessible branches and fruit were developed e.g. planar cordon
system, V-trellis system, Y-trellis system, or super spindles (He and Schupp, 2018; Breen
et al., 2021). Additionally, on two-dimensional fruit tree canopies, the harvest efficiency is
enhanced in comparison to three-dimensional canopies (Ampatzidis and Whiting, 2013).
This may also be valid for the labour intensive hand fruit thinning (Chpt. 2) of apple, where
accessible branches and visible fruit can potentially simplify the decision making. To create
narrow canopies with simple to access branches, annual dormant pruning is one important
management practice. While pruning the trees, the number of flower buds and flowers can
be adjusted as a first step in crop load management, often referred to as artificial bud or
spur extinction (Breen et al., 2015; Breen et al., 2021). Artificial bud or spur extinction
further intends to reduce the unproductive leaf area of the trees, leading to an increased
exposition of fruit to solar radiation. This relatively novel environmental friendly method of
reducing the number of buds per tree is highly effective for treating trees variable in canopy
size and for managing the distribution of flower buds within a canopy. Long-term, this may

lead to a reduction in inter-tree variability in flower set, fruit set, and leaf area.

The possibilities to optimize the canopies for better access to the branches and fruit and
an improved distribution of the fruit set should be realised in order to optimise the sensing
of individual trees and to further implement automation approaches in orchards
management practices, including crop load management. It is expected that the use of
mechanical thinning techniques will increase in future because of the general need to
reduce the use of chemicals in food production, the weather-independent mode of action,
and the associated high reproducibility of the thinning effects with similar machine settings
(Riehle, 2020; Chpt. 3).

-96 -



6.3. Perspective for sensor application and the concept of the fruit

bearing capacity into applied thinning trials

Currently, various thinning trials all around the globe are carried out annually e.g. to
evaluate and develop new thinning methods (Costa et al., 2018; Elsysy et al., 2019; Kon
and Schupp, 2019) or strategies for individual apple cultivars (Anthony et al., 2019; Chpt.
2). For an accurate evaluation of the thinning efficacy, uniform trees are required. Uniform
trees are frequently chosen according to their flower set. For this purpose, the number of
flower clusters per tree is manually measured and compared to the roughly estimated
canopy size, leaf area (Chpts. 2, 3), or the stem cross sectional area. After choosing nearly
uniform trees, the initial and/or final fruit set of the trees (Penzel et al., 2020b) is further
measured manually. Additionally, all fruit of the same tree are harvested and sorted (Chpts.

2, 3) when the fruit reaches a desired maturity stage (Zude-Sasse et al., 2000).

The application of sensors to record tree individual data, e.g. number of flower clusters,
fruit set, fruit size, leaf area index, stem diameter (Chpt. 1: Tab 1-2; Huang et al., 2020),
and fruit quality attributes (Zude et al., 2006; Walsh et al., 2020) would reduce the amount
of labour required to perform thinning trials. Sensor application for recording tree individual
data can potentially reduce errors in comparison to the time-consuming manual
measurements. Furthermore, labour intensive tree individual harvest may be avoidable, if
sensors are capable of recording fruit size, colour, and internal quality distribution and their

temporal changes on the individual tree scale.

To realise site-specific crop load management, trials to evaluate the potential for several
thinning agents and techniques currently in use would be necessary. When the leaf area
and the fruit bearing capacity of each tree can be modelled, uniform trees would not
necessarily be required anymore in thinning trials because the evaluation of the thinning
efficacy can be performed relatively to the optimum number of fruit for each tree for tree-
individual production targets. For the development of management decisions in specific
situations on several cultivar-rootstock combinations, climates, and growing systems, the
thinning efficacy on trees heterogeneous in total leaf area and fruit set would indeed be
desired. In case of chemical fruit thinning, new research objectives arise because besides
investigating required concentrations of active ingredients within the tank mix, the required
amount of spray volume to cover the canopy surface area needs to be studied. For plant
protection products, it was proven that the amount of tank mix to cover the surface area
varies between trees variable in total leaf area (Berk et al., 2019). Since thinning results in

the same location and year are often inconsistent, trials within the same region may be

-97 -



coordinated and evaluated together, as done by Rosa et al. (2020) or Gonzales et al.
(2019), instead of evaluated individually. This would increase the understanding of the
performance of several thinning techniques in different situations and make thinning

results more reproducible.

6.4. Conclusion

Inter-tree and inter-year variability in flower set, fruit set, and leaf area per tree determining
the trees’ capacity to produce fruit of desired diameters, the fruit bearing capacity, is
abundant in commercial apple orchards. However, inter-tree variability in the fruit bearing
capacity, flower and fruit set is frequently not taken into consideration in current crop load

management practices.

To enable tree adapted crop load management, the utilisation of sensor data in plant
physiological and agronomic models will become inevitable. For this purpose, a modelling
approach was developed to estimate the trees’ individual fruit bearing capacity out of the
LiDAR scanned total leaf area. In the model, the daily assimilated carbon per tree is
calculated from seasonally recorded weather data, the leaf area of the trees, the quantum
efficiency of leaf photosynthesis, and light saturated leaf assimilation rates, which were
recorded with a portable photosynthetic system. Contrary to the assimilated carbon per
tree is the daily carbon requirement per fruit, determined by fruit growth and respiration
rates. Fruit growth rates as well as the carbon supply conditions to the fruit are continuously
changing. During high fruit growth rates, the fruit has the highest seasonal carbon
requirements that limits the fruit bearing capacity. After a tree’s canopy is fully developed,
the period of the highest fruit growth rates is most reasonable to be used as a reference
period to calculate the fruit bearing capacity. The model is feasible for individual tree
estimations of target fruit numbers. Furthermore, the average fruit fresh mass of a tree
appears to correlate with the seasonally intercepted photons per fruit of a tree,
demonstrating the physiological limitation of the trees’ productivity and the validity of the
model. By comparing harvest fruit numbers with the modelled FBC of individual trees, it
was proven that uniform flower thinning led to sub-optimal crop load above or below the
fruit bearing capacity in two commercial orchards. Tree adapted flower thinning has the
potential to reduce yield losses that occur when crop load management is performed

uniformly within fields.

In the context of tree adapted crop load management, the model of the fruit bearing
capacity would serve as part of the control system for a mechatronic system for mechanical

or chemical fruit thinning as well as for decision support in the subsequent corrective hand
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thinning. Tree adapted crop load management would be a major step forward in precision

orchard management in order to achieve desired production targets in fruit quality.
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