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ABSTRACT
Choosing the most-suitable locations for a given apple variety is a difficult and wide-
ranging decision for farmers and all other involved parties in apple production. The
selected apple variety has substantial influence on the profitability of an orchard. With
KULTIVAS, we therefore propose an approach for a data-driven decision support sys-
tem to deal with an ongoing problem in apple cultivation. In this project, we use se-
lected historical apple production and quality data, modern data management systems,
algorithms, machine learning techniques, and a multidisciplinary approach involving
experts from different disciplines, such as agronomy, physiology, climatology, and com-
puter science, to assess the site-specific suitability for the cultivation of specific apple
varieties. Our developed prediction model is based on spatially interpolated climate
and topography data, as well as apple production and quality data from different co-
operatives. It can estimate various crop parameters, such as apple size, color, and
yield, using available spatial information on climate. The quality of the prediction of
our statistical model depends on the coverage of the possible climatic and topographic
variability in the areas by the training data sets. Predictions that fall outside this con-
fidence range have limited predictive power. It is planned to improve the results of
this study with data from additional locations and more advanced algorithms for better
geographical matching of sorting data, as this data set heavily influences the results.
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BACKGROUND

South Tyrol is the main apple-
growing area in Italy [1]. South Tyrol
is the largest interconnected apple
production area in Europe [2], co-
vering 16 804 hectares (ha) of pro-
ductive land in 2021 [3]; it is inten-
sively cultivated with a planting den-
sity of 3000-5000 trees per hectare
[4]. More than 900 000 tons of inte-
grated and organic apples are pro-
duced here every year [5], which
supplies almost up to half of the na-
tional Italian apple market, and 15%
of the European market [4]. Apple
production represents the main agri-
cultural activity in the province and
a source of income for thousands
of families. In fact, the distinctive
feature of South Tyrolean produc-
tion is the presence of numerous
family farms that operate on just a
few hectares and that over the years
have become efficiently organized
and structured. The small local
growers created a solid network and
found new strength through coope-
ratives and consortia. All the va-
rious stakeholders involved either in
apple production or marketing have
organized themselves in a Learning
and Innovation Network for Sustai-
nable Agriculture (LINSA) [4]. In
this context, the production process
has been separated from process-
ing, sales, and marketing; while the
former is the responsibility of the
grower, the latter is managed by the
consortia, which also recommend
the most suitable varieties accord-
ing to market trends.

After harvest, like many fruits and
vegetables, apples need to be
stored under controlled atmosphere
(CA) conditions to preserve firm-
ness, flavor, and quality in general.
Moreover, the maximum storage
time varies between apple varieties,
and different conditions are optimal
for each cultivar [6]. The coopera-
tives in South Tyrol use state-of-the-
art fruit warehouses to store apples
from all their cooperative members.
As soon as the cooperative decides
to market a specific variety, apples
are sorted and graded by sorting
machines and packed in production
lines.

Despite the strong identity and feel-
ing that binds the local population
to its history and tradition, in South
Tyrol there is a great deal of atten-
tion to technological developments
and innovations. Digital technolo-
gies are increasingly finding their
way into fruit growing practice; a
more efficient use of resources and
reduction of environmental impact,
while achieving high yields and top
quality, are the main topics, as are
harvesting and storage.

As in other parts of the world, crop
renewal is underway in South Ty-
rol with multiple aims, such as the
sustainable development of agricul-
ture, but also the need to increase
product diversification to meet cur-
rent consumption trends and reach
new markets [7]. Thus, traditional
and established local varieties, such
as Golden Delicious, Red Delicious,
and Fuji, are being joined by new
varieties. Many of them are dis-
tributed by clubs, consortia, or com-
panies through vertical schemes
with the aim of controlling steps of
the production process, from pro-
pagation to production and market-
ing of the product. Club varieties
are subject to patent protection and
can be marked as stipulated by a
licensing contract that includes ei-
ther fruit quantity or quality [8]. In
South Tyrol, there is an average
annual renewal rate of 4.5% of
the existing apple area, which in-
volves 700 ha and more than 2.5
million trees, with a 70% preference
for planting club varieties in recent
years. The introduction of a new
variety exposes the growers to a
risk and therefore requires careful
economic, agronomic, and qualita-
tive assessments as it represents
a commitment for the next 15-25
years. Factors affecting orchard via-
bility are all to be considered by the
growers, i.e., cultivar, training sys-
tem, tree density, fruit quality and
price [9]. In addition, the variety con-
version leads to a loss of income
for the grower for several years,
planting costs, and possible eco-
nomic losses if the variety does not
reach the expected yields or certain
organoleptic standards required by

the club or the markets. South Tyrol
is a high mountain area in the mid-
dle of the Alps and is the northern-
most province in Italy [10]. The re-
liefs are very pronounced and com-
prise many mountain ranges with
more than 60% of the area situated
above 1600 m a.s.l. [10]. The cli-
mate is continental and affected by
the insular climatic effects with rela-
tively low annual precipitation (450-
500 mm in the inner Alpine dry val-
ley of Vinschgau), low mean an-
nual temperature, and both high so-
lar radiation and a high number of
sunny days [10]. Moreover, its po-
sition south of the main ridge of the
Alps largely protects it from Atlantic
depressions, which has an impact
on the weather, especially in winter
[10]. Furthermore, the opening of
the deep Etsch Valley to the south
allows warm Mediterranean air to
penetrate and mitigate the climate,
especially in the southern part of
the province [10]. Due to the lay-
out of the valleys, which can be
oriented according to parallels and
meridians and aligned along inter-
mediate positions [11], many micro-
climatic conditions occur and influ-
ence the suitability of apple produc-
tion. Parallel-oriented valleys, for
example, Vinschgau Valley, show
strong dissimilarities between sun-
nier and warmer slopes with sou-
thern exposure and the colder and
more humid ones with northern ex-
posure [11]. Similar side features
characterized meridian-oriented val-
leys, such as Etsch Valley, Eisack
Valley, Sarntal, and valleys with
intermediate layout, for example,
Puster Valley [11]. Moreover, in
the hills and mountains, a cold cli-
mate can shorten the growing sea-
son and prevent late ripening var-
ieties from reaching maturity. In
addition, high-temperature ranges
could lead to reduce over coloration
of the fruit and failure to reach the
required standard.

Hence, an accurate estimation of
the suitable location for a certain
variety is essential for fruit mana-
gement, apple diversification, food
security, and policymaking. With
KULTIVAS we therefore propose
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an innovative solution to an ongo-
ing problem in the field of agricul-
ture. This pilot project sets itself
the challenge of combining know-
ledge and innovation to offer lo-
cal associations a tool for climate-
assisted varietal selection. An in-
novative project using selected his-
torical production and quality data,
modern data management systems,
algorithms, machine learning tech-
niques, and a multidisciplinary ap-
proach involving experts from dif-
ferent fields (such as agronomists,
physiologists, breeders, computer
scientists, ...) aims to assess the
suitability for the cultivation of spe-
cific apple varieties and the achieve-
ment of quality standards, such as
packout, size, and color. The tool
developed is a proof of concept for
a variety location model to simulate
suitable areas for planting and grow-
ing a different range of apple vari-
eties. Results could be integrated
into a digital platform with interac-
tive maps of the data used and pro-
cessed, and the results achieved by

the model. The specific objectives
of the pilot project, the database
and import process, local factors
and climatic parameters evaluated,
quality indices, and the variety-
location model developed will be dis-
cussed in the following chapters.

OBJECTIVE

The main objective of this project
is to make a feasibility study for
the creation of a prediction model
for apple cultivation that can fore-
cast various apple quality parame-
ters on a spatial basis and thereby
provide a valuable decision-support
system regarding site and variety
selection for new plantings. In ge-
neral, such geostatistical models
are based on spatial data sampled
in different locations and aim to find
patterns and relationships that can
help to identify the variability be-
tween the locations. These relation-
ships can then be used to calcu-
late spatial forecasts for the investi-

gated parameters. In our case, the
geostatistical model aims to identify
a relationship between apple qua-
lity parameters, including yield, size
and color, and topoclimatic para-
meters sampled from different fields.
The model is thus based on spa-
tially interpolated datasets of vari-
ous topoclimatic parameters which
are combined with the quality pa-
rameters. The model then ana-
lyzes the topoclimatic variability be-
tween the different fields and esti-
mates how various climatic and to-
pographic parameters are related to
the parameters like yield, fruit size,
and fruit overcolor. This relationship
can then be used to generate spa-
tial predictions for those parameters.
The resulting maps will be visual-
ized in an online portal, where they
can be accessed by stakeholders
and should help to identify the most
suitable locations for different vari-
eties. The fact that in this first stage
only selected parameters were con-
sidered implies the actual limits of
the results.

Tab. 1: Description of the basic level data used for the project (units in brackets). The data have been classified into local
factor (LF), climate data (C) and quality indices (QI). The data source, providers and other details are also indicated.

Data source Source Detail Reference

Digital Terrain Model, DTM Südtiroler Bürgernetz, Geo-
Katalog

Raster;
Resolution 2.5 x 2.5 m

https: / /geokata log .buerg
ernetz.bz.it

Radiation Model for South
Tyrol

Südtiroler Bürgernetz,
GeoKatalog

Daily; Raster;
Resolution 100 x 100 m

https: / /geokata log .buerg
ernetz.bz.it

Temperature Model for
South Tyrol

Eurac Research, Amt für Me-
teorologie und Lawinenwar-
nung

Daily; 1996–2019; Raster;
Resolution 100 x 100 m

https://wetter.provinz.bz.it

Precipitation Model for
South Tyrol

Eurac Research, Amt für Me-
teorologie und Lawinenwar-
nung

Daily; 1980–2018; Raster;
Resolution 100 x 100 m

https://wetter.provinz.bz.it

Fruit Register Amt für landwirtschaftliche
Informationssysteme
(LAFIS)

∼ 65 000 sections; Table https://www.provinz.bz.it

Phenological Screening Südtiroler Beratungsring 2005–2020; Different vari-
eties in different location; Ta-
ble

https://www.beratungsring
.org

Sorting Data VIP - Verband der Vinsch-
gauer Produzenten für Obst
und Gemüse

2011–2019; 7 cooperatives;
Fuji, Gala, Golden Delicious,
Nicoter, Scilate; Table

https://www.vip.coop

Sorting Data VOG - Verband der
Südtiroler Obstgenossen-
schaften

2011–2019; Cooperative
Fruchthof Überetsch; Fuji,
Gala, Nicoter ; Table

https://www.vog.it

https://geokatalog.buergernetz.bz.it
https://geokatalog.buergernetz.bz.it
https://geokatalog.buergernetz.bz.it
https://geokatalog.buergernetz.bz.it
https://wetter.provinz.bz.it
https://wetter.provinz.bz.it
https://www.provinz.bz.it
https://www.beratungsring.org
https://www.beratungsring.org
https://www.vip.coop
https://www.vog.it
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DATABASE AND IMPORTANT
PROCESS

For this study, we used data
from various data sources and
databases. Table 1 gives an
overview of all the data sets that
were used for this study, the data
source, and references to additional
information about the data owner.

The following chapters explain in
more detail, which data was used,
how the data was anonymized and
geographically linked and, finally,
cleaned and prepared to use as in-
put for our variety-location model.

DATA OVERVIEW

The sorting data used for this
project, have been provided by the
two consortia involved in the project,
Vinschgau Valley Cooperatives As-
sociation (VIP) and Consortium of
South Tyrolean Fruit Grower’s Co-
operatives (VOG). VIP comprises
more than 1700 fruit farms and
seven cooperatives located at al-
titudes between 400 and 1100
m. VIP provided sorting results
for Golden Delicious, Fuji, Gala,
Nicoter /Kanzi®, and Scilate/Envy®
from all its seven cooperatives from
2011 to 2019. VOG includes 12
cooperatives and 4600 fruit grow-
ers placed in the center of South
Tyrol. VOG provided us the sort-
ing data of one of its associated
cooperatives in the surroundings of
Bolzano for the varieties Fuji, Gala,
and Nicoter /Kanzi® from 2011 to
2019. We analyzed the same time
period and imported millions of sin-
gle data points into our cloud sys-
tem.

In addition to that, topographic data,
including a digital elevation model
(DEM) (m), exposure (°) and slope
(°), was exported from the South Ty-
rolean GeoKatalog web portal at a
100 m resolution. Sun hours (h)
and potential solar radiation (W/m2)
were derived by the project team
from the DEM. We also used daily
data for mean, minimum, and max-
imum temperatures (°C) and preci-
pitation (mm) on a 100x100 m grid
that covers the whole area of South

Tyrol. The dataset was interpo-
lated based on measurements from
weather stations in South Tyrol that
were provided by the Weather and
avalanche service of the province
[12].

All commercial orchards in South
Tyrol are collected in a geospa-
tial database by the Agricultural In-
formation Systems Office (LAFIS).
This database includes detailed in-
formation for each orchard such as
location, cultivated variety, planting
year, production type (organic/inte-
grated), number of trees, and area
(ha).

The South Tyrolean Extension ser-
vice "Südtiroler Beratungsring für
Obst- und Weinbau" gathers a wide
range of data in fruit growing in
South Tyrol including, among other
things, the annual full bloom of ap-
ple orchards. We used a dataset
of different varieties and locations to
predict the day of year of full bloom
from 2011 to 2019. This information,
in combination with the harvest time,
helped us to calculate climatic and
bioclimatic indicators in the annual
vegetation period, respectively.

SORTING DATA ANONYMIZA-
TION

Working with sorting results from
many different farmers required that
we take privacy and data ownership
very seriously. For our project goals,
it was not necessary to identify or
save the ownership of fields. Rather,
we only needed to link quality data
to location (a field, located by its co-
ordinates) and time (harvest period).
This means that we removed all
data points (names, personal codes,
etc.) that can be considered per-
sonal information and are not di-
rectly linked to our project goals dur-
ing our import process.

We have even gone one step further
and used cryptographic methods
for data protection and exchanged
some of the apple production iden-
tification codes with hash values.
A hash value is a string value of
a fixed length that was calculated
by a so-called hash function and

uniquely identifies a given, variable-
length input value. The hash value
is fast to calculate, but very hard
to reverse, i.e., to identify the ori-
ginal input value. Hash values are
also highly unique, which means
collisions (two different input strings
generating the same hash value)
are very unlikely [13]. For exam-
ple, the probability of two hashes
accidentally colliding for the widely
used hashing function SHA-256 is
approximately 4.3 · 1060.

Before analyzing the provided sort-
ing data any further, we combined
all fields, field sections, and other
apple production identification num-
bers with a static salt and generated
hash values with the SHA-224 hash-
ing algorithm. Going forward, we
used this anonymized data set, and
the original sorting data was not im-
ported into our systems.

CLINING AND GEOREFERENC-
ING OF SORTING DATA

As previously mentioned, our main
challenge with the sorting data was
to link each sorting result to a pre-
cise geographic location identified
based on the LAFIS. In our case, on
delivery after harvest, the coopera-
tives save the farmer’s field number
to identify where the apples were
coming from. However, fields can
be divided into many different field
sections, that may contain different
apple varieties or even multiple plan-
tations with different mutants/clones
or planting years for the same var-
iety. Therefore, it was not possi-
ble to find a unique geographic loca-
tion for each sorting result, and we
removed all data points that could
not be linked to a precise field in
the LAFIS. We also filtered out data
points with missing or implausible
values, for instance fields with un-
known orchard planting years or
mismatching apple variety between
delivery and plantation. Moreover,
since yield and apple quality are
quite different for very young trees
and cannot be compared to ma-
ture orchards, we removed all sort-
ing results that were linked to fields
that were 3 years old or younger at
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harvest timing. For the same rea-
sons, we also excluded apple qual-
ity data from organic orchards. The
outliers were not considered either.
For each apple variety, we therefore
had to define a realistic yield range
(t/ha) and tree count (trees/ha) and
removed data points that did not
match our defined criteria (Tab. 2).

Tab. 2: Description of plausible yield
(t/ha) and yield (kg/plant) values used
for data cleaning.

Apple
variety Yield (t/ha)

Yield
(kg/plant)

min max min max

Fuji 20 90 5 40

Gala 20 90 5 40

Golden
Delicious 20 110 5 60

Nicoter /
Kanzi® 20 90 5 40

Scilate/
Envy® 20 115 5 40

FINAL SORTING DATA SET

After geolocating, filtering, and
cleaning our anonymized sorting re-
sults data set, we ended up with
623 950 unique apple quality data
points in the harvest seasons from
2011 to 2019 from 2164 different ap-
ple orchards in South Tyrol.

The following diagram (Fig. 1) com-
pares the distribution of the fields
that we could correctly georefer-
enced and link to the quality data to
the overall distribution of the fields
from the LAFIS dataset across dif-
ferent altitudes.

LOCAL FACTORS AND CLIMATIC
PARAMETERS

As a matter of fact, the weather has
a major influence on apple growth
and development, from bud swelling
to ripening, and impacts fruit char-
acteristics and total fruit production
[14] but cannot be easily regulated
[15]. Identifying the main local and
thermic parameters that ensure the
achievement of high-quality fruit for
specific cultivars can support apple

growers in identifying the best vari-
ety to grow in each location and/or
identify new areas for production.

LOCAL FACTORS

Due to the topographical peculiari-
ties of the South Tyrol region, differ-
ent macro- and micro-climatic con-
ditions occur, and each location
shows a different suitability for ap-
ple production. South Tyrol is a typ-
ical mountainous province with var-
ious elevation ranges and deeply
cut valleys that interrupt groups and
chains. The orientation of the val-
leys, according to parallels, merid-
ians, or intermediate positions, re-
flects the disposition of mountains
massifs and influences the climate
[11]. Marked differences can be
shown in the parallel oriented valley
(e.g., Vinschgau Valley), with south-
ern exposed sides sunnier and
warmer than with northern exposed
sides, which are colder and more
humid, while sides of parallel ori-
ented valleys (e.g., Etsch Valley)
are more similar [11].

Fig. 2: Results of the full flowering forecast of Golden Delicious for South Ty-
rol. The region is colored according to the date of flowering as the day of the
year; the dots represent the 57 different orchards for which flowering data were
provided and are colored according to the variety planted.

Therefore, a key point of local-
specific research in such a hetero-
geneous region is to consider all
the variables explaining these differ-
ences and to be able to thoroughly

describe the characteristic of each
site.

In this study, elevation, exposition,
potential solar radiation, and annual
hours of the sun have been consid-
ered local factors (LFs). Considera-
tions concerning orchards, the area
of a section, the number of trees in
each section, and the planting year
were also included in the LFs type.
Source and details about LFs are
better explained in the above Table
1.

CLIMATIC PARAMETERS

Literature research has pointed out
the climatic features that mostly in-
fluence apple growth and fruit devel-
opment, hence external characteris-
tics and yield. Climate data (C), i.e.,
daily mean, minimum and maximum
temperatures were generated from
an existing climatic model [12] and

used for further calculating other
needed parameters for the whole
area of South Tyrol.
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To deal with the determination of
the bloom period, the historical full
flowering dates provided by the
Südtiroler Beratungsring were used.
The advisory center carries out an-
nual monitoring of the phenological
stages of different apple varieties,
e.g., Braeburn, Fuji, Gala, Golden
Delicious, in orchards all over the
province. Full blooming dates pro-
vided for the reference Golden Deli-
cious were internally modeled to get
the full flowering dates all over the
province in annual raster files with
100 x 100 m of resolution (see an
example in Fig. 2).

The annual average of the har-
vest dates from the sorting results
was here considered the starting
date of the harvest throughout the
province. Cumulative annual pre-
cipitations were also calculated, but
not considered due to the extensive

use of irrigation practice masking
the effective contribution of rainfall
to fruit size and other attributes.

Besides other climatic parameters,
there is an important bioclimatic in-
dicator, the growing degree days
(GDD), that was considered. It is
the most common bioclimatic index
used in agronomy with several ap-
plications, e.g., crop and insect de-
velopment monitoring, phenological
predictions, territorial and cultural/-
varietal zoning. GDD represents the
sum of positive daily mean temper-
ature minus the critical one (also
known as temperature base, below
which growth does not progress)
along a specific period and/or phe-
nological stage. In general, GDD
is evaluated for the growing season,
between 1st April and 31st October,
with a temperature base of 10 °C.
The selection of the proper temper-

ature base is tricky because in most
cases it strongly depends on the
specific variety, phenological stage
and/or adaptation to the local envi-
ronment.

All measured climate attributes and
the reference period are summa-
rized in Table 3 and described in the
following paragraphs.

GROWING SEASON

GDD can assess the plant’s heat
use efficiency. As aforementioned,
the climatic features during the
growing season were depicted by
calculating GDDs and testing differ-
ent base temperatures, i.e., 0, 4, 5,
6, 8, 10, and 12 °C. GDDs were
calculated between the canonic 1st
April and 31st October and between
site and, specific for the full flower-
ing - harvest period.

Tab. 3: Description of the climatic parameters and the bioclimatic indices measured. The main period and the exact periods in
which the parameters/indices were measured are also indicated. Numbers next to GDD represent the temperature base used
for the calculation.

Main period Period Parameters Indeces

Winter season 21st December - 20th March sum, average and abso-
lute minimum and maximum
value of mean, minimum,
maximum temperature be-
low and over 0 °C, and daily
temperature drop below and
over 0 °C

GDD0, GDD2, GDD4,
GDD5, GDD7, GDD10,
GDD12, GDD15

Blossoming +/-7 days from full bloom count (nr. of days), sum,
average and absolute mini-
mum and maximum value of
mean, minimum, and max-
imum temperature below 0
°C and daily temperature
drop below 0 °C

Blossoming 60 days after full bloom tmean, tmax, tmin, TR GDD4

Summer season n.d. sumTover35, meanTover35,
countTover35

-

Pre-harvest 21 days before harvest sum, mean, minimum and
maxium daily temperature
drop

-

Growing season 1st April - 31st October - GDD0, GDD4, GDD5,
GDD6, GDD8, GDD10,
GDD12

Growing season bloom - harvest - GDD0, GDD4, GDD5,
GDD6, GDD8, GDD10,
GDD12
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WINTER SEASON

In a recent study carried out in Chile,
a strong association between winter
maximum temperatures and the pro-
ductive performance of Gala was
found [16]. As reported by the au-
thors, under severe winter condi-
tions, fruits are bigger and produc-
tion higher. Considering the local
winter as the period between and
21st December and 20th March,
the climatic parameters measured
in this research were the average
and the sum of minimum, maximum,
mean temperatures and daily drop
temperature, the absolute minimum
and the absolute maximum temper-
atures, the sum of temperatures
below and above 0 °C, and GDD
(Tab. 3). Because of the lack of sup-
porting information on critical tem-
peratures for each variety and for
the period under examination, but in
consideration of the winter dormant
state, the proximity to bud break,
and the dependence of blossoming
to factors such as temperature his-
tory during winter [17], we tested dif-
ferent values, i.e., 0, 2, 4, 5, 7, 10,
12, and 15 °C.

FULL BLOOM PERIOD

The bloom period is a major stage
that can seriously affect the final
yield. If blossoms are damaged,
fruits can improperly develop or may
not develop at all. After blooming,
unfavorable climatic conditions may
influence the correct fruit formation
in the cell division stage.

FROST RISK

As known, spring frost close to flow-
ering can compromise harvesting.
Temperatures below -2.2 °C within
ten days after blossoming can dam-
age blossoms and lead to vast yield
reductions [18]. In South Tyrol, the
risk is commonly countered by sprin-
kling orchards to cover, freeze, and
protect flowers. Nevertheless, incor-
rect timing or management errors
may have different impacts. Consid-
ering a window of +/- 7 days from
full bloom and 0 °C as threshold
temperature, the sum, average and
absolute minimum and maximum
value of the mean, minimum, and

maximum temperature, and daily
temperature drop have been calcu-
lated to evaluate conditions favor-
able to the occurrence of frost.

60 DAYS AFTER FULL BLOOM

In this period, fruits begin to de-
velop by cell division and later on by
expansion, all activities which are
sensitive to temperature variations.
For example, mild temperatures in
the 7-21 days after flowering were
found to increase the proliferation
rate [19]. High temperatures lead
to bigger and heavier fruits and en-
hance the color [20], while too high
or too low temperatures reduce the
final weight/size [21]. During this pe-
riod, for each temperature class, i.e.,
mean, minimum, and maximum, the
average, sum, absolute minimum,
and absolute maximum value and
GDD with a temperature base of
4 °C have been measured.

SUMMER SEASON

Size and quality of apples are
also influenced by summer temper-
atures and light conditions. Sev-
eral authors have highlighted and re-
viewed the effect of average sum-
mer temperatures on internal qual-
ity attributes, e.g., titratable acid
content, anthocyanin content in the
peel, sugar-acid ratio, but also to
morphological characteristics, e.g.,
firmness [22] [23], and physiologi-
cal disorders at ripening stage, e.g.,
Fuji stain, lenticel marking [24], bit-
ter pit [25], and watercore [26]. Dur-
ing the development of the epider-
mal tissue, unfavorable climatic con-
ditions can cause stress leading to
hysteresis of specific metabolic sys-
tems resulting in peel dysfunction
or aberrations [27]. Unfortunately,
no critical reference temperatures
were reported for the varieties in
this study, so 35 °C was selected
as a putative threshold above which
temperatures could induce stress
to certain metabolic and physiolog-
ical processes. The average and
the sum of temperature over 35 °C
were calculated for each tempera-
ture class; also, the number of days
with temperatures above 35 °C was
counted.

PRE-HARVEST

The overall high quality of South
Tyrolean apples depends on its cli-
matic peculiarities. Summers are
mild and as autumn approaches,
the difference in temperature be-
tween day and night becomes more
marked. The wide variations in tem-
perature in the weeks just ahead
of the harvest significantly influence
the development of the over-color
of apples. For example, a 10% in-
crease in over-color of winter ripen-
ing varieties was observed follow-
ing a 4 °C increase in the differ-
ence between daily and night tem-
peratures in October [28]. Based on
these considerations, the tempera-
ture ranges in the 21 days before
the start of harvesting were aver-
aged and summed.

QUALITY INDEX

After harvesting, apples are de-
livered to the cooperatives where
they are weighed and sorted to en-
sure that specific standards are met.
There is a wide variety of apples in
the world, and the fruits can differ in
dimension and color. Each cultivar
has specific standards, and different
markets may have different specifi-
cations for the same cultivar. Size,
color, weight, and defects are auto-
matically determined by the sorting
systems consisting of machine vi-
sion, conveyor band, separator, and
classifier [29].

Our analyzed sorting data includes
data points with detailed informa-
tion about apple size, color, quality
class, damages, pests, and defor-
mations that can be detected by the
sorting machines. The sorting ma-
chine analyzes each individual ap-
ple with multiple cameras and sen-
sors. After analyzing all apples for a
specific delivery from a farmer, the
cooperative groups apples with sim-
ilar characteristics (size, color, and
overall quality) in so-called quality
classes.

For this project, size (caliber, mm),
over or/and background color (%),
yield (t/ha) and packout (highest
quality share of yield) are the qual-
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ity indices considered.

Fuji and Gala mutants are non-
uniform in color, can be striped
or washed, and the red coloration
more or less intense; there are
many clones of these polyclonal va-
rieties, and quality standards may
differ between them. Therefore, Fuji
data were divided into Fuji striped
and Fuji washed, while Gala was
grouped into Gala standard, Gala
washed, and Gala dark red.

Before proceeding with the model,
data were subjected to intensive
cleaning and filtering, as described
in the "Database and import pro-
cess" section, to ensure correspon-
dence and consistency between
the quality data and the local and
climatic characteristics of the or-
chards. Quality strings were in-
spected and divided to extract size
and color values, while yields were
normalized to tons per hectare by di-
viding the total weight of harvested
apples with the area of the field.
Size, color, and yield parameters
were the variables selected to be
modeled. For each variable and
each variety, we have defined op-
timal values for predicting the site
suitability (Tab. 4). A combined
score was also measured to pro-
vide a general overview of the po-
tential of a location to grow varieties
with optimal standards. This score
summed up the three quality scores
in a ratio of 33:33:33 (size, color,
and packout, respectively).

Tab. 4: Optimal quality indices considered for the model for each variety.

Apple variety Over Color (%) Caliber (mm)

Fuji stripe >50 >80

Fuji washed >50 >80

Gala standard >50 >70

Gala washed >50 >70

Gala dark red >50 >70

Golden Delicious red-cheeked >70

Nicoter /Kanzi® >33 >70

Scilate/Envy® >50 >75

SIZE (MM)

Apple fruits show a wide range of di-
mensions, and various markets may
ask for specific sizes. There are in-
ternational and national marketing
standards in the fruit and vegetable
sector to regulate the sale of ap-
ples. Fruits must have a diame-
ter of at least 60 mm to be sold
as Extra or Prima category accord-
ing to the European Union Regula-
tion (EU) 2019/428 [30]. In addition,
the Protected Geographical Identifi-
cation specification "Südtiroler Apfel
PGI" has given specific size require-
ments for some varieties; for exam-
ple, 65 mm is the minimum caliber
required for Golden Delicious and
Fuji, while 60 mm is required for
Gala. Sorting machines are set up
to sort apples with similar diameters
and a 5 mm pitch is usually used
to respond to each market demand.
In our approach, for every parcel
(field), the quality indicator size is
defined by the share of yield with
optimum size classification per year.
Our definition of "optimum size" for
each variety is shown in Table 4.

Size =
Y ieldOptimum Size[ t

ha ]

Y ieldParcel[ t
ha ]

· 100

COLOR (%)

The color is another important ex-
ternal apple trait influencing con-
sumer preferences. Apple fruit col-
ors range from green to yellow and
red. The peel color is primarily de-
termined by the ground color of the
skin and secondarily by the antho-
cyanin pigmentation if present [31].
As already seen for size, either fruits
epicarp color or overcolor intensity
are regulated, with specific indica-
tions for each variety. In our ap-
proach, for every field, the quality in-
dicator color is defined by the share
of yield with optimum color classifi-
cation per crop year. Again, our defi-
nition of "optimum color" for each va-
riety is shown in Table 4.

Color =
Y ield>Optimum Color[ t

ha ]

Y ieldParcel[ t
ha ]

·100

PACKOUT

Apple is a permanent crop, and
yield, together with apple quality,
orchard size, number of cultivars,
production costs, and specialization
in organic production and/or farm
gate sales were recognized as the
six factors that most influence the
profitability of apple production [32].
Moreover, the choice of appropriate
apple varieties should be based on
a long-term plan that considers the
implications of the initial investment
decision on the whole economic life
cycle of the orchard [33]. Apple
trees generally start bearing fruits
in a consistent way 3 years after
planting (III leaf), then production in-
creases reaching the full fruiting pe-
riod starting from year 5 (V leaf) up
to around 10-20 years [34]. In our
approach, for every field, the pack-
out indicator is defined by the share
of yield with highest quality classifi-
cation (I quality or "prima") per crop
year.

Packout =
Y ieldPrima[ t

ha ]

Y ieldParcel[ t
ha ]

· 100
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VARIETY-LOCATION MODEL

After importing the data and calcu-
lating the quality indices, the follow-
ing four steps were carried out to
spatially predict the quality parame-
ters:

• Geospatial join between climate
and quality indices

• Model training and cross-
validation

• Model selection

• Spatial predictions

To create a precise model, the topo-
climatic data had to be spatially
linked to the quality data (the over-
all approach can be seen in Fig. 3).

In the first step, the information on
the climatic conditions within each
parcel was combined on a geospa-
tial basis with the quality param-
eters of the corresponding parcel.
To associate the gridded climatic in-
dices with the LAFIS polygons, for
each index, the average value of
all grid cells that fall within a LAFIS
polygon was calculated. The result
was then combined with the harvest
quality data for each parcel to link
the quality parameters with the cli-
matic data from the same location.

The resulting information on the har-
vest quality under different climatic
conditions was then used in the sec-
ond step to train different models.
The selected models ranged from
very simple approaches, such as lin-
ear regression, to complex machine-
learning algorithms. Each model
was first used to identify the rele-
vant climatic variables that influence
harvest quality, then to quantify the
influence of these relevant climatic
variables on the harvest quality, and
finally, to predict the harvest qual-
ity. To estimate model performance
and compare the prediction error be-
tween the models, a 5-fold cross-
validation approach was used. Us-
ing this approach, a subset of lo-
cations with known harvest quality
was removed during model training
and afterwards used to compare the
predicted harvest quality with the

measured harvest quality. From
the results of the cross-validation,
for each model the prediction error
could be calculated and the models
compared against each other. In
order to compare the prediction ac-
curacy of the models, various er-
ror statistics, including the mean ab-
solute error (MAE), the root mean
squared error (RMSE), and the r-
squared (R²), were calculated. Ta-
ble 5 compares the different exam-
ined models. The best model was
identified in the end by selecting the
model that minimized the mean ab-
solute error (MAE). Here the ran-
dom forest and the cubist regres-
sion methods managed to minimize
these error statistics compared to
the other models and provided the
best predictions.

The Cubist regression was used in
the end to calculate the spatial pre-
dictions of sorting quality. Figure 4
compares the predictions from this
model for each quality parameter
and variety to the observed quality
parameters. The closer the points
are to the black, dashed line, the
higher the prediction accuracy.

For all varieties except for Scilate,
the majority of data points follow
this optimum line and thus confirm
a correlation between our topocli-
matic variables and apple quality.
R² values were around 0.5 for most
parameters, indicating that a large
portion of the variability between
the locations can be explained by
the model. However, there are
some exceptions with smaller R² val-
ues caused by outliers with high
differences between model predic-
tions and observed quality (for in-
stance, the optimum size for Golden
Delicious). Also, the mean abso-
lute error (MAE) depends on vari-
ety and parameter. On average,
the highest error was observed for
Fuji, followed by Gala standard and
Nicoter. The smallest error was ob-
served for Golden Delicious, most
likely because of the increased data
availability for this variety. Addi-
tionally, the optimum size and op-
timum color indices were associ-
ated with a higher error than the
packout for all varieties except for

Golden Delicious. Only for Scilate,
no significant relationship between
our topoclimatic variables and the
quality indices could be identified,
which results in predictions that are
not correlated to the observed qual-
ity parameters. Most likely, this is
caused by the low amount of avail-
able data for this variety.

In the last step, the previously identi-
fied model was used to spatially pre-
dict the quality indices across South
Tyrol for each of our selected vari-
eties. For each quality index, a sep-
arate prediction was calculated on
a continuous 100x100 m grid. The
predicted values were then stan-
dardized onto a scale that ranges
from 0 to 1 to make the different in-
dices comparable. Additionally, we
restricted the area of predictions for
some of our varieties, as their qual-
ity data for certain elevation ranges
were lacking as seen in Figure 1.

Finally, the continuous predictions
were spatially linked to the LAFIS
polygons by calculating the mean of
all grid cells within a polygon. The
result contains the spatial informa-
tion for each apple field and the cor-
responding predictions for each spe-
cific variety and quality parameter
(size, color, and packout). This file
was then further used to visualize
the cultivation suitability of our se-
lected apple varieties on an interac-
tive map in our web portal.

DISCUSSION

This variety-location study for apple
cultivation demonstrates the viabil-
ity of a machine learning approach
using big data to predict agricul-
tural suitability. The Cubist model
used recognizes the statistical rela-
tionship between the predictor vari-
ables (climate and topography) and
the quality indicators (color, size,
packout) and decides the influence
of these variables in the model def-
inition, depending on the variety.
Our statistical model can predict the
quality indicators more accurately
the better the training data set cov-
ers the possible climatic and topo-
graphic variability in the areas. Pre-
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Fig. 3: Overview of the Variety-location modelling experiment workflow.

dictions that fall outside this confi-
dence range have limited predictive
power.

The diagram (Fig. 1) seen in the
"Databases and Import" section dis-
plays the distribution in South Ty-
rol of the varieties selected for this
experiment. One current limitation
in our approach that can be ob-
served in this figure is the limited
data availability of apple quality data
in some areas. The quality data
that was provided to us includes
sorting data from several locations.
However, from the elevation den-
sity distribution of the fields, one
can see that a lot of potential for
more data points exists, either with
sorting data from additional cooper-
atives or with improved algorithms
that match more sorting results to
geographic locations. As mentioned
in the "Database and Import" chap-
ter, a lot of data couldn’t be consid-
ered for our model, as we couldn’t
create reliable geospatial linkage to
the different apple fields. One of the
reasons for this is that the historical
plantation data that LAFIS provides

is rather new and doesn’t reach that
far back in time.

Another encountered source of limi-
tation is the sorting data itself. The
quality data of the cooperatives
have some unknowns that we could
not validate and therefore we can’t
be sure how accurate they are. The
calibration of sorting machines can
change over the years. The defi-
nition of color and quality classes
changes as time goes on. We also
have the differences in sorting ma-
chines between VIP and VOG. As
they are not identical, they are likely
to have some variance in them.

Speaking about data quality, let’s
mention some problems with the
quantity of the said data. Our data
distribution per variety in the original
data is a challenge in itself. Most
data points are for Golden Delicious,
and little data is given for other va-
rieties. Consequently, the created
models cannot work equally well
for all varieties. For instance, the
model for the variety Scilate showed
us that with little to no available
data points, no significant relation-

ship between our topoclimatic vari-
ables and the quality indices could
be identified.

For some varieties, we do not
have quality data from all the ele-
vation levels where this variety is
cultivated, especially in the VOG
dataset where we still have lots of
potential with additional data points
from fields and cooperatives that
were not considered in this project.
For the VIP dataset, most varieties
are well represented in our quality
data, except for Scilate, for which
we have only very little data. Con-
sidering the elevation ranges cov-
ered by the quality data is important,
as the model can only produce reli-
able predictions for those elevation
levels where we also have a suffi-
cient amount of quality data. For
instance, the predictions for the va-
riety Fuji were limited to an eleva-
tion range up to 800 m a.s.l., as
we do not have enough quality data
from fields at elevations above 800
m a.s.l. to produce reliable predic-
tions in these areas. Similarly, for
the VOG data, the predictions for
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all varieties were restricted to the
area covered by its cooperative in
the vicinity of Bolzano, because the
areas outside are strongly underrep-
resented in our quality data.

Also, it needs to be underlined
that the selection and weighting
of quality criteria (optimal size,
color) strongly influence the results.
Our approach used predicts results
based on suitability. These resulting
indicators have to be understood as
relative to other fields and not as
"absolute" suitability. Meaning that
suitability is only given compared
to other locations of interest. In
addition to that, the spatial resolu-
tion of predictions is limited to 1 ha
(100x100 m) as the climatic data is

currently limited to that accuracy.

At this stage, with the variety-
location study described here, it is
not possible to explain all the vari-
ability between the fields because
some factors are not considered in
our model. For example, the soil
or the influence of the management
by the farmers are not part of the
model: their inclusion could improve
the performance of the model (R²
and MAE).

To summarize, the reliability of our
predictions is impacted by the avail-
ability of diverse variety-location in-
formation. Our results suggest that
with the current approach it is unfea-
sible to attempt to make predictions
outside of the confidence range pro-

vided by our initial data. With that in
mind, for now, a spatial forecast is
calculated only for those areas and
varieties that are also supported by
a sufficient data framework or sta-
tistical context. One of the future
improvements and goals could be
the creation of a prediction model
over the whole region of South Tyrol.
But to make this possible, several of
the previously mentioned limitations
must be overcome, the most impor-
tant one being the improvement of
the data model with more diversified
information from different locations.
Additionally, extending the range of
supported varieties is highly desir-
able and might be further worked
on.

Tab. 5: Comparison of different modeling strategies. Model types an mean error statistics across all three quality indicators.
MAE = Mean Absolute Error, RMSE = Root Mean Squared Error.

Model type MAE RMSE R²

Random Forest (1) 3,38 5,1 0,86

Cubist Regression (2) 3,41 5,17 0,84

CART (3) 3,75 5,74 0,83

Regularized Gradient Boosting (4) 4,17 6,66 0,77

Support Vector Machine (5) 4,24 7,73 0,71

Nearest Neighbour (6) 4,26 6,93 0,75

Neural Network (7) 4,91 7,73 0,69

MARS (8) 4,99 7,85 0,7

Lasso Regression (9) 5,67 8,83 0,55

Linear Regression (10) 5,687 8,83 0,55

Ridge Regression (9) 5,91 8,92 0,55

(1) Wright MN, Wager S, Probst P. ranger: A Fast Implementation of Random Forests. 2021; Available from: https:
//github.com/imbs-hl/ranger
(2) Kuhn M, Quinlan R. Cubist: Rule- And Instance-Based Regression Modeling. 2022; Available from: https://CRAN.R-projec
t.org/package=Cubist
(3) Therneau T, Atkinson B. rpart: Recursive Partitioning and Regression Trees. 2019; Available from: https://CRAN.R-projec
t.org/package=rpart
(4) Chen T, He T, Benesty M, Khotilovich V, Tang Y, Cho H, et al. xgboost: Extreme Gradient Boosting. 2022; Available from:
https://github.com/dmlc/xgboost
(5) Karatzoglou A, Smola A, Hornik K. kernlab: Kernel-Based Machine Learning Lab. 2019; Available from: https://CRAN.R-
project.org/package=kernlab
(6) Schliep K, Hechenbichler K. kknn: Weighted k-Nearest Neighbors. 2016; Available from: https://github.com/KlausVigo/kknn
(7) Ripley B. nnet: Feed-Forward Neural Networks and Multinomial Log-Linear Models. 2021; Available from: http://www.sta
ts.ox.ac.uk/pub/MASS4/
(8) Milborrow S. earth: Multivariate Adaptive Regression Splines. 2021; Available from: http://www.milbo.users.sonic.net/earth/
(9) Friedman J, Hastie T, Tibshirani R, Narasimhan B, Tay K, Simon N. glmnet: Lasso and Elastic-Net Regularized Generalized
Linear Models. 2021; Available from: https://CRAN.R-project.org/package=glmnet
(10) Team RC. R: A Language and Environment for Statistical Computing. 2020; Available from: https://www.R-project.org/.
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Fig. 4: Predicted quality parameters for each variety.

In conclusion, there is still lots of im-
provement possible and some parts
can be tested and conducted in a
different way. To improve the validity
of this study in this area, one should
first focus on improving data quan-
tity and quality, as this heavily influ-
ences the results.
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ZUSAMMENFASSUNG
Die Wahl des am besten geeigneten Standortes für
eine bestimmte Apfelsorte ist für Landwirte, und
alle anderen an der Apfelproduktion beteiligten Or-
ganisationen, eine schwierige und weitreichende
Entscheidung. Die gewählte Kombination hat über
viele Jahre hinweg erheblichen Einfluss auf die
Wirtschaftlichkeit einer Apfelwiese. Vor diesem Hin-
tergrund schlagen wir mit KULTIVAS einen Ansatz
zur datengestützten Hilfestellung für ein aktuelles
Problem im Bereich des Apfelanbaus vor. In diesem
Projekt nutzen wir ausgewählte historische Qua-
litätsdaten aus der Apfelproduktion, moderne Daten-
managementsysteme, Algorithmen, Techniken des
maschinellen Lernens und einen multidisziplinären
Ansatz, an dem Experten aus verschiedenen Berei-
chen wie Agronomie, Physiologie, Klimatologie und
Informatik beteiligt sind, um die Standorteignung für
den Anbau bestimmter Apfelsorten zu bewerten und
vorherzusagen. Das von uns entwickelte Prognose-
modell basiert auf räumlich interpolierten Klima-
und Topographiedaten sowie auf Ertrags- und
Qualitätsdaten von verschiedenen Obstgenossen-
schaften. Es kann verschiedene Anbauparameter
wie Apfelgröße, -farbe und -ertrag anhand räum-
lich verfügbarer Klimadaten vorhersagen. Unser
statistisches Modell kann die Qualitätsindikatoren
umso genauer vorhersagen, je besser der Trainings-
datensatz die mögliche klimatische und topografi-
sche Variabilität in den Gebieten abdeckt. Vorher-
sagen, die außerhalb dieses Vertrauensbereichs
liegen, haben eine begrenzte Vorhersagekraft. Es
ist geplant, die Ergebnisse dieser Studie mit Daten
von zusätzlichen Standorten und verbesserten Al-
gorithmen zur Georeferenzierung von Sortierdaten
zu verbessern, da diese Datensätze die Ergebnisse
stark beeinflussen.

RIASSUNTO
Scegliere le zone più idonee per la coltivazione di
una determinata varietà è una decisione difficile e
di ampio spettro che coinvolge non solo gli agri-
coltori, ma tutta la filiera coinvolta nel processo,
dalla produzione alla vendita. La scelta varietale
ha ripercussioni economiche di lungo termine. In
tale prospettiva, con KULTIVAS vorremmo proporre
un approccio data-driven a questo importante prob-
lema del settore melicolo. In questo progetto, dati
storici selezionati sulla produttività e qualità delle
mele, moderni sistemi di gestione dei dati, algoritmi
e tecniche di apprendimento automatico sono stati
impiegati adottando un approccio multidisciplinare
che coinvolge esperti di diversi settori, quali agrono-
mia, fisiologia, climatologia e informatica, per va-
lutare l’idoneità sito- specifica alla coltivazione di
determinate varietà di mele. Il modello di previ-
sione sviluppato nell’ambito del progetto si basa su
dati climatici e topografici interpolati spazialmente,
oltre che su dati di produzione e qualità delle mele
provenienti da diverse cooperative altoatesine. Us-
ando informazioni spazialmente disponibili sul clima,
il modello è in grado di stimare vari parametri di
produzione, come calibro, colore e resa. La previ-
sione degli indicatori predetti dal modello statistico
è più precisa quanto più il set di dati di training co-
pre la variabilità climatica e topografica delle aree
di indagine. In aree con caratteristiche al di fuori di
questa variabilità, il modello avrà un potere predit-
tivo limitato. I risultati di questo studio saranno arric-
chiti con dati provenienti da altre località e valutando
ulteriori algoritmi per la corrispondenza geografica
dei dati di cernita, in quanto il set di dati influenza in
maniera importante i risultati.
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