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Summary

Historically and under cooler climate conditions, steep slope vineyards yielded best
quality wines and highest reputation, due to their distinctive light microclimate, especially
pronounced at the end of the ripening period. Today, German steep slope viticulture is
facing major challenges. The cultivation of steep vineyard sites is costly. Compared to
fully-mechanized vineyards, steep slope vineyards are labour-intensive and strenuous to
manage, they produce less yield and are at higher risk of the adverse effects of a changing

climate.

The modern vineyard terracing may be a viable alternative to the current cultivation
method of downslope planted grapevines. The terrace platforms lead along the contour
line of the hill and allow a higher degree of vineyard mechanization. The flat terrace
platforms reduce surface runoff and allow for greater infiltration of precipitation, thus
reducing or preventing runoff of the fertile vineyard soil and enhance the retention of

precipitation in the soil.

In the present work, the effects of the transformation of vineyards planted downslope to
modern vineyard terraces on microclimatic parameters, soil water dynamics and, finally,
on the vegetative and generative performance of the grapevine were investigated. The
experimental sites, comprising a vineyard planted downslope and a modern terrace, were
selected with regard to their spatial proximity to one another and the comparability of the

planting material with each other and monitored over a period of two to four years.

The change in the radiation distribution and the heat balance became apparent due to the
inherent row orientation change by vineyard terracing, leading to an alteration of
distinctive fruit quality parameters. The concentrations of polyphenols and amino acids
in the berries were highly related to the amount of received solar radiation. Vineyard
terraces were able to mitigate weather extremes. However, younger vines planted at the
outer end of the terrace platform showed high drought stress responses across all

experimental years. However, this lessened as the vine age progressed.

The modern terracing of steep slope vineyards proved to be an appropriate tool for high-
quality grape production. Additionally, the potential for promoting biodiversity through

a sustainable management of the terrace embankments complements the overall positive
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findings of the present work. In the near future, the challenge to increase the
competitiveness of young vines grown at steep slope vineyards to accompanying plants

needs to be solved by means of viticultural, technical or breeding measures.



Zusammenfassung

In der Vergangenheit trugen Weine aus Steilstlagen zu einem maf3geblichen Teil zur Reputation
deutscher Spitzenweine im nationalen und internationalen Vertrieb bei. Die historischen
Weinlagen prégten die Kulturlandschaft und deren Entwicklung. Der deutsche Steillagenweinbau
steht jedoch vor groBen Herausforderungen. Bereits in den letzten Jahrzehnten wurde die
Bewirtschaftung eines groRen Teils steiler Weinbergsflachen aufgegeben. Die Griinde hierfiir
sind vielféaltig. Die im WVergleich zu direktzugfdhigen Weinbergen in der Ebene
kostenaufwendigere Kultivierung von Steillagen geht mit einer héheren korperlichen Belastung
und einem zusétzlich hoheren Unfallrisiko einher. Fir viele Nachwuchskréfte ist die Arbeit im
Steillagenweinberg daher wenig attraktiv; fiir viele praktizierende Betriebe zu teuer. Doch auch
der allgegenwartige Klimawandel wirkt auf die flachgriindigen Steillagen mit geringen
Bodenauflagen unter zukinftig 1anger andauernden Trockenperioden, einer héheren Verdunstung
und generell unregelméRigeren, jedoch haufiger werdenden Starkniederschlagsereignissen,
negativ auf die Ertragsstabilitdt und die allgemeine Traubenqualitét ein. Dies betrifft vor allem

die stark sonnenexponierten, flachgriindigen Stidhange steiler Weinbergslagen.

Die moderne Querterrassierung von Weinbergen stellt eine mdgliche Alternative zur
gegenwartigen Bewirtschaftung von Reben in der Falllinie dar. Die hangparallele Zeilenfiihrung
auf Terrassenplattformen l&sst nicht nur einen héheren Grad der Weinbergsmechanisierung zu.
Die ebenen Terrassenflachen kdnnen den Oberflachenabfluss verringern und erlauben eine héhere
Infiltration von Niederschlagen, so dass eine Abschwemmung des fruchtbaren Weinbergsbodens

reduziert oder verhindert und das Wasser im Boden besser zurtickgehalten werden kann.

In der vorliegenden Arbeit wurde untersucht welche Auswirkungen die Umstrukturierung von
Falllinienweinbergen zu hangparallel verlaufenden Querterrassen auf mikroklimatische
Parameter, die Bodenwasserdynamik und letztlich auf die vegetative und generative Leistung der
Rebe hat. Die bis zu sieben untersuchten Weinbergspaare, bestehend aus Falllinienweinberg und
Querterrasse, wurden entlang des unteren Rheingaus und des oberen Mittelrheintals hinsichtlich
ihrer rdumlichen Nahe zueinander und der Vergleichbarkeit des Pflanzguts untereinander

ausgewahlt und tber einen Zeitraum von zwei bis vier Jahren begleitet.

Es konnte gezeigt werden, dass eine durch die Weinbergstransformation orthogonal zur
urspriinglich in Falllinie verlaufenden Zeilenorientierung in einer Verdanderung der
Strahlungsverteilung und des Wérmehaushalts resultiert. Querterrassen konnten Wetterextreme
abschwachen und bewiesen eine flir den Reifeabschluss beglinstigte Besonnung der Traubenzone.

Dies zeigte sich deutlich in der Unterscheidbarkeit der Gehalte qualitatsbestimmender
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Traubeninhaltsstoffe, wie zum Beispiel Polyphenole und Aminosauren. Jiingere Reben, die am
aulleren Ende der Terrassenplattform gepflanzt wurden, wiesen ber alle Versuchsjahre hinweg
hohe Trockenstressreaktionen auf. Dies milderte sich jedoch mit fortschreitendem Rebalter ab.
Die Querterrassierung von Steillagenweinbergen erwies sich als probates Mittel zur Erzeugung
hochwertigen Traubenmaterials. Zudem ergénzt das Potential zur Férderung der Artenvielfalt
durch eine nachhaltige Bewirtschaftung der Terrassenbdschungen die als insgesamt positiv zu
wertenden Versuchsergebnisse der vorliegenden Arbeit. Einzig die Herausforderung der zligigen
Etablierung bzw. Konkurrenzfahigkeit von Jungreben im Steillagenweinberg stellt nach wie vor
eine Schwierigkeit dar, die es mit weinbaulichen, technischen oder ziichterischen MaRnahmen zu
I6sen gilt.
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Chapter I: General introduction

The cultivation of grapevine (Vitis vinifera L.) has been practiced by advanced civilisations for
several thousands of years (McGovern et al., 1996). Since then, the grape has become one of the
economically most important fruit crop (Alston and Sambucci, 2019), while, to date, vineyards
covering an area of approximately 7.34 Mha worldwide (OIV, 2022). Historically, and under
cooler climate conditions, the production of grapes, not only for winemaking, but also for dietary
purpose, was only possible, since the nutritional requirements of the grapevine are generally lower
in comparison to vital crops important for human consumption (L6hnertz, 1988). In the past,
viticulture was conducted on nutrient-poor soils, e.g. at shallow and stony sites of hills and
mountains, where no direct competition to staple food production existed (van Leeuwen and
Seguin, 2006), but light conditions for grape-ripening were favourable. Ever since, people have

awarded a special significance to steep slope viticulture as well.

For viticulturists, working on steep slopes is physically demanding and the soil as well as the
plants have to stand challenging weather conditions (e.g. heavy rains, winds and intense solar
radiation). To reduce physical strains, but also to retain precipitation water on site, and thereby
prevent fertile soil from erosion, people have built terraces in various designs since ancient times
(Tarolli et al., 2014). Those terraces have to be adequately stabilized to prevent collapses and to

guarantee a safe workplace (Crosta et al., 2003; Pijl et al., 2020).

Oftentimes, dry-stone wall terraces were built to facilitate the work in, inter alia, German steep
slope vineyards of, for example, the Moselle or Ahr valley, at the Neckar or along the Rhine.
These terraces shaped scenic landscapes and supported biodiversity due to the diversification of
the landscape until the recent past (Petit et al., 2012; Assandri et al., 2016). The disadvantages of
this elaborate handicraft are the high expenses for building and maintaining them as well as the
impracticability of using heavy machinery for the vineyard management in the frequently small-
scaled and difficult to access vineyard plots. Today, this cultural legacy is mainly preserved by
public subsidies, although vineyard terraces are acknowledged for their special contribution to the
world heritage, e.g. in the Austrian Wachau wine-growing region (UNESCO, 2000).

In the course of several vineyard consolidation procedures over the last decades in Germany, the
dry-stone walls were removed from the vineyards and single-vine training systems and/or the
whole vineyard row orientation changed from planting vines along the contour line of the hill to
a plantation and trellising of grapevines down the slope gradient. The aim of this enormous
procedure was the economization through an increase in the efficiency in grape production by a

higher degree of mechanization (e.g. via rope and winch systems). The reduction of manual labour



by rope-pulled machines decreases the cost disadvantage from manual vineyard management at
steep sites compared to flat vineyard management by approximately 20 % (Strub and Mueller
Loose, 2021). However, the investment costs for the specialised machines add to the financial
budget of the wine estate. Additionally, rope-pulled machines have to pass every vineyard alley
twice. Thus, there is a reduced efficiency in certain management practices, since the rope has to
be winded up before moving the machine to the next row pending in cultivation. Furthermore,
this system requires an appropriate infrastructure (i.e. sufficiently wide and paved access paths)

and may not contribute to the solution of the soil erosion issue.

At the end of the 19" century, the efforts in vineyard management at steep slopes were almost
equal compared to flat wine-growing areas due to the lack of mechanization. The quality
advantage of grapes grown on steep slopes was reduced or made obsolete with every further
development of technical innovations of self-propelled, tractor-drawn or tractor-mounted
machines (Schreieck, 2016), even with the introduction of technical solutions explicitly created

for steep slope viticulture (e.g. rope and winch systems).

The introduction of biologically stabilized, i.e. cover cropped, terraces began in Switzerland
during the late 1960s using heavy machinery (the so called ‘Menzi-Muck”) and is still a common
method for hill-side terracing (Siegfried et al., 2011). However, due to management and grape
quality reasons the original system of multi-row terraces built on broad terraces was soon adjusted
to small width terraces (approximately 1 m). These could be cultivated by hand and single axle
machines; a system that is still popular in alpine wine-growing areas, due to new options in
mechanisation (e.g. the Vitrac®) and the reduction of unexploited vineyard area (Hafner and Sinn,
2015). In earlier times, the vineyard area was the limiting factor of production. Despite the
concerns of considerable losses in vineyard area (Stumm, 1985), a new method was used to create
single-row vineyard terraces in the Ortenau wine-growing region (Baden, Germany; Koninger,
1988) from the late 1970s onward. This innovation allowed narrow track tractors to pass and to

cultivate the vineyard terraces more cost-efficiently (Jorger et al., 2008b).

This modern kind of vineyard terraces is constructed via a ‘cut and fill” procedure: a caterpillar
levels the first platform along the contour of the hill and compacts the soil in this process. An
excavator forms the embankment with the tilting bucket. The caterpillar then uses the excavated
soil to build the next terrace. The embankments are stabilized immediately by sowing a cover
crop mixture afterwards, ideally comprising regional wildflower and grass seeds
(Wersebeckmann et al., 2022). A single row of grapevines is then planted at an approximately

0.3 m distance from the edge of the platform (Figure 1).
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Figure 1. A two-month old modern vineyard terrace. Vineyard transformation and vine planting was
conducted in April 2021. Embankment cover crop seeds were sown in May 2021. Picture was taken in June
2021 at the Assmannshéuser Héllenberg in the Rheingau wine-growing region (Germany). The yellow
auxiliary line displays the stair-like character of the transformed hill side.

This type of terrace combines the benefit of a higher degree in mechanisation, due to a broad,
levelled platform suitable for narrow track tractors with the advantage of an increased infiltration
of water as an effective measure of precipitation retention, thus erosion prevention. Economically,
the main advantage arises from the length of the alleys and the reduced number of turning

manoeuvres.

1.1 Particularities of steep slope viticulture

The German Wine Regulation § 34b (issued at 1% September 1995, recasted at the 21 April 2009)
acknowledges the special characteristic of steep slope vineyard systems and specifies a vineyard
as ‘steep’ or ‘terraced’, if the (initial) hill slope is not less than 30 %, and regarding the latter, the
vineyard comprises a reinforcement by walls or cover cropped embankments, i.e. either a physical
or a biological stabilization. Traditionally, the German wine promotion also highlighted the
particularity of German steep slope vineyards due to its favourable microclimatic conditions
during the late phase of berry ripening. Historically, when temperatures for grape-ripening were
oftentimes sub-optimal at higher latitudes (e.g. 50°N), particular topographical conditions were
required to fulfil the thermal needs of the grapevine to achieve grape berry maturity and to yield
high quality grapes for prestigious wines (Hellman, 2003).



For example, in the middle of September, when the sun altitude becomes lower at the 50°N
latitude, the amount of radiation at a 20° (approximately 36 %) inclined south-facing slope can
be +129 % higher compared to a flat vineyard site (Hoppmann et al., 2017). Sechrist (2012)
described the historical prevalence of the grapevine at the Rheinlands, i.e. the wine-growing
regions along the Rhine river and its tributaries (Moselle, Main and Nahe), and highlights in
particular, the suitability of the late-ripening (thus in terms of climate conditions rather
demanding) Riesling grapevine cultivar in this regard. Inclined surfaces, in particular in South
and South-West exposition, receive a higher amount of solar radiation (van Leeuwen, 2009). This
extra amount of solar energy fulfilled the grapevine’s requirement of a minimum 12 °C, frost-

free, growing season temperature (Jones et al., 2012).

However, the well-irradiated steep vineyard sites, which once yielded prestigious wines, suffer
under high production costs nowadays and furthermore, are competing with wines that can be
produced 0.42 € L t0 0.86 € L™ less expensively at fully-mechanized flat terrain vineyards (Strub
and Mueller Loose, 2021). Additionally, there is also a decline in the consumers’ knowledge of
and appreciation for the formerly valued, but now unprofitable steep slope vineyard wines (Loose
et al., 2017). The high costs of steep slope vineyard management led to a decline in steep slope
vineyard area, which is strenuous to cultivate (Job and Murphy, 2006). For example, in the wine-
growing regions of the Middle-Rhine valley and the Moselle, the steep slope vineyard area
declined by 20 % to 30 % between 1999 and 2015 (Strub and Loose, 2016).

1.2 Steep slope vineyard transformation to terraces

For the successful creation of vineyard terraces, the (hydro-)geological conditions have to be
considered. Drainage systems or the proper canalization of precipitation water shall be
implemented, where necessary, to avoid waterlogging or gully erosion. The construction of
vineyard terraces requires a minimum soil depth of 0.6 to 1 m to ensure a sufficient amount of
soil mass for the formation of the terrace platform. Therefore, consulting the appropriate state
agency, e.g. the Hessian Agency for Nature Conservation, Environment and Geology, before the
planning and the construction of a terraced vineyard begins, may provide useful information about
the suitability and stability of the terrain for the building of a vineyard terrace. The knowledge
about the soil particle size distribution, the soil depth, the potential location of slide areas or
underground watercourses of the site may prevent from a later collapse of the newly build terrace
system (Wehinger and Spies, 2008).

The exact design of a modern vineyard terrace cannot be planned in the final detail in advance,

since the construction depends on the given terrain structure. The machine operator of the



caterpillar carves the terrace steps by experience only, led by the natural shape of the hill. To
successfully convert a vineyard into a terrace, the vineyard transformation has to be conducted in
the early months of spring. From February to May an adequate soil moisture content can be
guaranteed for soil compaction purpose. Additionally, the risk of frost, which may be detrimental
to the terrace stability due to the development of soil cracks, is reduced as spring progresses.
Warm spring temperatures additionally benefit the germination of the cover crop grasses and

shrubs to rapidly establish a biological embankment stabilization.

Modern terraces are constructed for the purpose of mechanisation. Thus, the overall width of the
terrace platform has to be a minimum of 2.1 m to use commonly available equipment for
grapevine cultivation. Smaller platforms do not allow the use of narrow track tractors, they would
require special machines or, in general, they limit the use of machinery. Consequently, the natural
slope angle of the hill and the aspired platform width determine the terrace geometry, particularly,
the height and the slope of the terrace embankments. Depending on the soil type, the exposition,
the prevailing weather conditions and the degree of stabilization, vineyard terraces can be formed
at slopes of 35 % to 60 %. The use of narrow track tractors or tracked vehicles, may be possible
to an extent of 60 % slope, but require optimal soil conditions, i.e. dry soil, which may guarantee
a good traction between tractor tire and soil. However, the risk of accidents increases with slope

and even rope-pulled machines are not risk-free (Bhme, 2003).

In some cases, driveable terraces are built without fulfilling the static design criteria, i.e. with too
high and too steep embankments. Oftentimes, the inclination of the embankments is therefore
>100 %, which reduces the loss in vineyard area, but bares the risk of embankment instabilities.
The friction angle of the soil of steep embankment slopes may be lower than the embankment
angle. This may lead to soil slips and damages of the plants and the trellis system (Ramos et al.,
2007). However, there is long-term experience on steep terrace embankments (inclinations
>120 %; Porten and Treis, 2008), which highlights the importance of the individual soil and

climate conditions for the successful transformation of vineyard terraces at the respective site.

Anyhow, the planting density is lower in terraced vineyards compared to vineyards planted down
the slope. More specifically, the loss of vineyard area increases with the initial slope of the hill,

since the embankment size (height and width) increases (Table 1).



Table 1. Theoretical calculations of the embankment geometry (height and width) in relation to the initial
vineyard slope, the distance between rows and varying inclination of the embankment according to Jorger

et al. (2008a).

Assumed vineyard metrics

Embankment parameters

Initial slope (%)  Row width (cm) Height (cm)  Inclination (%) Width (cm)
35 400 140 100/110/120 140/127/117
40 400 160 100/110/120 160/145/133
45 400 180 100/110/120 180/164/150
50 400 200 100/110/120 200/182/167
55 400 220 100/110/120 220/200/183
60 400 240 100/110/120 240/218/200

Ultimately, the planting density in terraced vineyards may results in 2°800 to 3’500 vines per
hectare or higher, depending on the initial hill slope (Porten and Treis, 2008).

In every second vine row, a turning plate of four to six meters (depending on machinery) has to
be built and a cross-path can be useful for more efficient traffic. Additionally, if the slope of the
terrain displays a high variation, the creation of short inter-rows may be necessary, which will
cause a further loss in cultivatable vineyard area. Furthermore, the length of the newly created
vine rows has to be considered to reduce turning manoeuvres. The machine use efficiency can be
enhanced by row lengths of at least 60 m and may be optimized by a row length of 100 m and
longer. To increase the number of grapevines per hectare, oftentimes narrow inter-vine distances,

of approximately 0.6 to 0.7 m, are chosen to counter the potential loss in planting area.

The cost for trellising is lower compared to vineyards planted downslope (Porten and Hermen,
2022). Furthermore, subsidies for the restructuring of steep slope vineyards to terraces and the
planting of the grapevines and the embankment cover crops approximately cover the cost for the
heavy soil work, which is necessary for the construction of the vineyard terrace. The costs for the
vineyard transformation depend on the site characteristics, and thus the construction effort can
vary between 10’000 to 20°000 € hal. The additional cost for cover cropping the terrace
embankment may range between 2°000 and 4000 € ha™.

Depending on the competent federal state of Germany the level of subsidisation, which is
provided by direct payments, i.e. the first pillar of the common agricultural policy of the European

Union, for a vineyard transformation to a terrace varies from 18’000 € ha' (Baden-



Wouerttemberg?) to 24’000 € ha® (Hesse?, Rhineland-Palatinate®> and Bavaria®). However,

additional investment cost may be necessary for the acquisition of an embankment mower system.

The maintenance of the embankment requires a little extra workload of approximately 3 h ha* to
8 h ha (Jorger et al., 2008a; Becker et al., 2017). However, vineyard terraces are limited to the
use of multi-row machinery (e.g. sprayer for plant protection or hedging machines) and further
require a pivoting arm for the device pole. Additionally, mechanical weed control may be
difficult, due to narrow planting distances of the grapevines and due to the risk of damages at the
edge of the terrace platform. Nevertheless, plough discs are also common to control under-vine
weed growth in vineyard terraces, but the mode of action is single-sided. Lately, different weed
brush models have been developed for the usage in modern terrace vineyard systems, which show

satisfiable results to reduce or to renounce herbicides.

The replacing of single grapevines in existing terrace systems or even the uprooting and replanting
of awhole terraced vineyard is feasible without damaging the edge of the terrace platform. During
the procedure of a clearing of vineyard terraces, a potential re-levelling of the platform can be
conducted by a rotary harrow or an excavator (Benz, 2022). The positive long-term experiences
(>40 years) of commercial wineries and grape producers attest the suitability of terraces as a

viable alternative for steep slope viticulture.

The terracing of steep slope vineyards is capable of lowering the cost for trellising and the
reduction of working hours, but is limited by a reduced yield per hectare (Porten and Hermen,
2022). However, the terrace transformation is a useful solution to maintain valuable vineyard
sites, where steep slope viticulture is economically unviable and where vineyards are therefore
getting abandoned. Jorger et al. (2008b) lists several reasons in favour of the construction of
(modern) terraces. Compared to steep slope vineyards, the work safety increases, while physical
strains during the vineyard management (measured by pulse and blood lactate) decreases.
Furthermore, important tasks of vineyard cultivation can be better performed on time. In addition
to a potential increase in water retention and higher soil volume for root colonialization per plant,
the prevention from soil erosion is mentioned as well. It is also stated, that the terrace

embankments provide a habitat for xerothermophil plant and animal species and further, that the

! https://foerderung.landwirtschaft-
bw.de/pb/,Lde/Startseite/Foerderwegweiser/Umstrukturierung+Rebflaechen.

2 https://rp-darmstadt.hessen.de/umwelt-und-energie/landwirtschaft-fischerei-und-
weinbau/weinbau/foerderung.

3 https://mwvliw.rlp.de/fileadmin/mwkel/Abteilung_9 Weinbau/Weinbau/Dokumente/Umstrukturierung/
Merkblatt_Teil 1 Stand_11052022.pdf.

4 https://www.foerderdatenbank.de/FDB/Content/DE/Foerderprogramm/Land/Bayern/programm-zur-
staerkung-des-weinbaus-teil-a.html.



management system of modern vineyard terraces contributes to the preservation of cultural

landscape comprising best vineyard locations (Jorger et al., 2008b; Porten and Hermen, 2022).

In short, modern terracing may be a viable solution to improve the costs of steep slope vineyard
management, to prevent valuable agricultural area from abandonment, thus preserving the local
history, the socio-culture and the jobs in traditional wine-growing regions. Furthermore,
environmental benefits of a reduced erosion risk or the increase of structural elements in the

landscape promote biodiversity in flora and fauna.

The most apparent result of the transformation of steep slope vineyards to terraces is the shape of
the vineyard, i.e. the stair-like character including a change in row orientation (Figure 1). The
intensive earthmoving results in altered soil conditions. The change in row orientation, by
terracing, further affects the vineyard soil characteristics and various microclimate parameters,
hence it affects the grapevine performance and, finally, a variety of berry quality parameters as

well as the grapevine health status.

1.3 The effects of terrace construction on soil conditions

The construction of terraces can be considered as one of the most apparent anthropogenic
intrusion on terrain morphology (Cots-Folch et al., 2006; Tarolli et al., 2014). The modification
of hillsides considerably changes the soil chemical and physical properties. Ramos et al. (2007a)
showed, that by the action of terracing and land levelling severe changes compared to the initial
vineyard soil (or fallow) occur. In the course of terrace construction, deeper soil layers are
displaced to the top, thus affecting the gravel size distribution, the soil pH and it further causes a
shift of the soil organic matter from the top to the bottom (Ramos et al., 2007a). Michalsky (1976)
describes, that the relocation of organic matter and soil nutrients, during the process of vineyard
terracing, is equivalent to the relocation of the top soil and that the distribution of the soil pore
volume is heavily influenced by potential preliminary bulldozer work. Soil movement by heavy
machines and its compaction during the process of terrace construction may negatively affect the
hydraulic conductivity, the water availability to the plant and the aggregate stability. Eventually,
the soil’s bulk density is likely to be increased due to terracing action (Cots-Folch et al., 2006).
Chen et al. (2020) confirmed, that in the first five years after the terrace construction a detrimental
impact on the soil structure, e.g. loss of carbon, occurs. However, after six years, terraces would
be able to promote the build-up of soil organic content (SOC), which may also increase the water-
holding capacity, may further improve additional soil physical parameters and may also benefit
the plant’s health. Hereby, the cultivated crop significantly influences the soil organic carbon

sequestration, e.g. 38 % in orchards (Chen et al., 2020). Archaeologic studies of buried terrace



forms from the Bronze Age in the northeast of England showed, that terraces are able to conserve
the topsoil-derived organic carbon better compared to non-terraced soils. This was linked to the
prevailing environmental conditions, which led to lower microbial mineralisation rates, and a
higher C:N ratio in the “fill’ part of the terrace (Zhao et al., 2021). Michalsky (1976) displayed,
that different parts of the terrace show different soil temperatures, i.e. the soil of the terrace
embankment was warmer than the platform soil. However, the soil warming in 25 cm and 50 cm
depth of downslope planted vineyards was in general higher compared to terraces (Michalsky,
1976).

The construction of terraces and its, positive as well as negative, effects on the hydrological
processes has been subject of several studies. On the one hand, terraces reduce the slope and the
length of hillsides and the flat platforms comprise an increased soil volume, that favours the
infiltration of precipitation in the same way as the reduction of runoff. On the other hand, a big
focus has been put on soil erosion events in terraced vineyards, on its causes, but also on
recommendations for an improvement in soil conservation (Tarolli et al., 2014; Arnéez et al.,
2015; Pijl et al., 2019; Pijl et al., 2021). Collectively, Ramos and Porta (1997), Ramos et al.
(2007b) and Camera et al. (2018) showed, that poorly maintained terraces bare the risk of gully
and rill erosion, landslides or the collapse of dry-stone walls, when exposed to heavy rainfall
events. The soil loss in terraces fortified by vegetation is quantified up to 10.95 Mg ha y*, which
only makes up for approximately a third of the amount of the annual erosion compared to a
downslope planted vineyard (Bagagiolo et al., 2018; Pijl et al., 2020). However, the degree of
mechanisation (Pijl et al., 2019) and vegetation cover (Bagagiolo et al., 2018; Rodrigo-Comino
et al., 2019) as well as the arrangement of cross-paths and of access roads strongly influence the
amount of soil particle movement and surface runoff (Tarolli et al., 2015). Additionally, Ramos
et al. (2007b) showed, that with an increase in the height of the terrace embankment, the mass
movement increases exponentially. Effective measures to reduce erosion are the construction of
well-built terrace systems to reduce flow velocity and to guarantee the proper drainage of
precipitation water. This may include structural installations like sediment traps and the
implementation of cover crops, as well as an site- and weather-adapted vineyard management
regime (Pijl et al., 2020).

Grapevines planted at the external edge of the terrace, i.e. the valley-facing side of the platform,
gain a higher soil volume compared to vines planted downslope, since the ‘cut and fill’ procedure
shifts the soil mass to the front section of the platform (Cucchiaro et al., 2021). The increase in
soil volume and the levelling may also increase water storage capacity of the vineyard soil.

However, the evaporation of the terrace embankments may account for about one-third of the



water loss of the terrace (LU et al., 2009), resulting from a high sun-exposed surface, which
requires cover crop for stabilization, additionally competing with the grapevine. For this reason,
Michalsky (1976) observed, that vineyards planted downslope had slightly higher soil moisture
values compared to the terraced treatments. By modelling the soil water content (SWC) of a
double-rowed terrace and a downslope planted vineyard Oliveira (2001) calculated a slightly
higher SWC in the downslope planted vineyard system (+28 mm during flowering and +10 mm
during véraison) compared to the terraced treatment. From véraison to harvest, the two systems
evaluated did not differ in SWC (Oliveira, 2001). However, by comparing different designs of
steep slope vineyard systems in northern Italy, Pijl et al. (2022) awarded ‘contour terracing’,
which is equal to modern terraces, as the system which showed the highest potential of retaining
soil water on the site. The system, of ‘contour’ or modern terracing, comprising narrow platform
widths, has the benefit of rather small embankments between two vine rows planted along the
contour of the hill, thus the reduction of evapotranspiration due to grapevine canopies which
would provide shade to the terrace platform and, depending on the platform width, to the
embankment behind (Pijl et al., 2022).

By a slight incline of the platform, either toward or away from the uphill side, it is possible to
lead precipitation water either towards the grapevine at the edge of the platform or to the foot of
the embankment. The benefit of water accumulation at the hill-side of the platform may be the
retention of water and the slow drainage into the platform as well as the incentive for the grapevine
to grow away from the highly exposed embankment. In longer terms, this may reduce water and
nutrient competition to the embankment cover crop, but also bares the risk of surface runoff, if
the soil is not capable to retain higher amounts of precipitation. The desirable development of an
evasive grapevine root growth pattern could be also achieved with a subsoil irrigation system
located at the foot of the embankment or drainage channels (Smart et al., 2006). Complementary,
an inclination towards the valley may increases the risk of soil erosion and embankment failures
(Crosta et al., 2003; Tarolli et al., 2015; Pijl et al., 2020). Furthermore, the risk of late-frost
damage on the grapevine might be increased. Even though, the katabatic flow of cold wind down
the slope may be supported by a valley-facing inclination, grapevines planted at the edge of the
terrace platform and tall-growing embankment vegetation may act like semi-natural impediments,

which may hold back the cold air and lead to damage on young grapevine shoots (Evans, 2000).

1.4 The influence of vineyard row orientation on the grapevine

Compared to the initial direction of the vineyard rows (planted down the slope), terraces are
planted approximately orthogonal, i.e. along the contour of the hill. This means, that a vineyard

transformation to a terrace always implies a change in the row alignment. At the northern
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hemisphere, vineyards are usually located on south-facing hills. Therefore, the row orientation of
a downslope planted vineyard is N-S and the row orientation changes during the terrace
transformation process to an E-W direction. If the original downslope orientation of a vineyard is
NE-SW, then the terrace alignment will be in NW-SE direction. Of course, due to orographic
heterogeneities or a customization in favour of an improved work management, some degree in

variation of the row alignment may be possible.

Presently, information about the impact of row orientation changes in steep slope terrain is rare.
However, the impact of row orientation changes on the grapevine microclimate, the grapevine
performance and the health status as well as on a range of fruit quality-determining parameters

has been elaboratively studied in vineyards located on plane land.

1.4.1 The impact of row orientation on the grapevine microclimate

The canopy microclimate is defined as the interaction of the soil, the climate and the viticultural
decisions, which are affecting the exposure of foliage and the fruit of the grapevine (Smart et al.,
1985). The distance between the soil and the shoot tip is significantly influenced by the solar
radiation, which has a direct impact on the air temperature and the (relative air) humidity in and
around the grapevine canopy, which comprises a section of approximately 2 m in a common

German vineyard systems (Hoppmann et al., 2017).

Hunter et al. (2016) described the light microclimate in a row orientation-trial comprising N-S,
E-W, NE-SW and NW-SE alignment in a flat vineyard in South Africa. Within the progress of a
developing canopy, the photosynthetically active radiation (PAR) was lowest in the bunch zone
of grapevines planted in E-W orientation. However, the share of the total radiation reflected from
the soil during the late ripening period was highest in the bunch zone of this E-W row orientation
compared to the others (Hunter et al., 2016). Row orientations shifted by 45° and 315° (NE-SW
and NW-SE, respectively) showed irradiation peaks either in the afternoon or in the morning,
while in the N-S row orientation canopy sides were balanced illuminated during the course of the
day (Hunter et al., 2016).

The N-S row orientation has long been recommended to viticulturists for the purpose of a more
symmetrically, thus a more efficient capture of the sunlight (Smart, 1973; Hunter et al., 2016;
Zorer et al., 2017), which should guarantee optimal photosynthesis and ensure a more even
ripening of the berries, despite an intensified afternoon radiation. Campos et al. (2017) further
highlighted the advantage of the N-S and the NE-SW row directions at the latitudes 40°N and
50°N regarding assimilation efficiency. The PAR absorption of those two row orientations,

namely of the E- and the NE-side of the canopy, was significantly higher during the morning
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hours compared to the canopy sides of the E-W and NW-SE alignment of the vines (Campos et
al., 2017).

The E-W oriented vine rows show the most unbalanced distribution of sunlight, since one side of
the canopy is shaded for almost the whole day, thus only receiving a small amount of (indirect)
irradiation, while the other side is being directly radiated constantly from morning until evening
(Hunter et al., 2020). This may result in large differences in temperatures between the canopy
sides and the irradiated soil during the ripening period (Wang et al., 2022). The NE-SW and the
NW-SE row orientations showed similar, but mirrored values of incoming radiation, more
specifically a diurnal variation in the radiation patterns of UV-A, UV-B and PAR, for the

respective canopy sides of the two row orientations (Grifoni et al., 2008; Hunter et al., 2020).

The sun irradiation is linked to (leaf and berry) surface heating, which can be reproduced by
shading experiments (Reshef et al., 2018). Friedel (2018) recorded the highest sunburn incidences
on berries on the W-side of a N-S oriented vineyard within a row orientation trial in Geisenheim,
Germany. Maximum temperatures recorded on the W-side of this vineyard setup reached a higher
temperature of approximately 15 °C (i.e. 43 °Cmax) during the afternoon of an early September
day compared to the E-side of the canopy (Friedel et al., 2012). The sunlit side of the E-W oriented
grapevine canopy (the S-side in vineyards of the northern hemisphere) is exposed to sunlight most
of the day, thus showing the highest daily mean temperatures; but the highest maximum
temperatures occur on the W-side of the N-S oriented vineyard rows (Gambetta et al., 2020b).
Lately, other row orientations than N-S, namely the E-W and the NW-SE or at least adaptive
means, have been recommended to winegrowers in warm to hot and sunny climates at the southern
hemisphere to prevent losses in yield and quality caused by berry heating due to intense sun
irradiation (Dry, 2009).

A distinct microclimate evolves under sunny conditions with wind speed smaller 2 m s (Horney,
1975). Wind additionally affects performance, growth and berry quality of the grapevine, directly
and indirectly, e.g. by mechanical perturbation of the shoots or the cooling and drying of soil and
leaves (Jagoutz, 2004; Tarara et al., 2005). Depending on the prevailing wind direction, the vines
may be sheltered by neighbour rows, as shown by Heilman et al. (1994). Depending on planting
density and vineyard row orientation the reduction in wind speed would affect the energy balance
(Heilman et al., 1994), thus the evapotranspiration of a vineyard (Galleguillos et al., 2011). Hunter
et al. (2016) recorded different wind velocities under different row orientations and development
stages of the grapevine and highlighted the importance of row orientation considerations
regarding prevailing winds to the vegetative grapevine development, the yield and the berry

health. Complementarily, despite higher wind velocity, the E-W orientated rows tended to have
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higher relative air humidity during morning periods, compared to the other row orientation
treatments (Hunter et al., 2016).

Low relative air temperature affects assimilation negatively and reduces leaf growth (Keller,
2020). High humidity (i.e. >90 %) may be conducive for the development of fungal diseases like
Plasmopara viticola (downy mildew) or Botrytis cinerea (grey rot), two major threats in grape
production (Mohr, 2012).

1.4.2 The impact of row orientation on the grapevine performance and health

Altered microclimatic conditions, i.e. irradiation, temperature, relative air humidity and wind
profiles, may result in an altered grapevine development and the susceptibility to biotic and abiotic
stressors. As described previously, canopy sides that receive sudden and excessive amounts of
direct sun irradiation may suffer from a higher sunburn incidence of clusters. However, leaf

characteristics are also affected by different light regimes.

On a SW-exposed canopy in the Douro wine region, Moutinho-Pereira et al. (2003) showed the
adaption of well-exposed leaves of V. vinifera cv. Touriga Nacional to sunlight by a higher
specific leaf weight and lower leaf contents of chlorophyll and carbohydrates. In a Brazilian
vineyard, significantly higher leaf starch and a tendency to higher contents of chlorophyll were
found in N-S oriented grapevine rows compared to E-W aligned vines. Additionally, higher
pruning wood and cluster weights in the N-S oriented vineyard, but no difference in the yield per
vine was detected compared to the E-W orientation (Souza et al., 2019). The factor of row
orientation showed an effect on the dry matter of leaves and canes of spur-pruned Sangiovese
canopies in Italy, but did not affect vines trained in a free cordon management system (Intrieri et
al., 1999). Contrarily to the Brazilian study, E-W planted vines were more vigorous compared to
the N-S oriented vines; however, no distinction was made between canopy sides in the results
presented (Intrieri et al., 1999). Likewise, the E-W aligned vineyard rows in a South African
vineyard tended to show the highest vigour compared to other row orientations (namely N-S, NE-
SW and NW-SE). In particular, the shaded side of the E-W canopy had the biggest leaf mass of
primary and secondary shoots as well as the highest berry mass and berry volume (Hunter et al.,
2017). But in general, differences in vegetative growth parameters between canopy sides and row
orientations were small (Hunter et al., 2017).

In the same South African vineyard, located on the southern hemisphere, the leaf water use
efficiency (WUE; calculated as the ratio of the rate of assimilation to the rate of transpiration)
was the highest on the during the day well-exposed canopy sides, i.e. N, NE, NW and E (Hunter

et al., 2016; Hunter et al., 2020). Inconsistent results were found for potted grapevines. A row
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orientation trial comprising potted Chardonnay plants, which were grown in a plastic chamber in
Italy, showed, that during the mid of the day the N-S oriented vines benefited from a reduced
transpiration, thus an increased WUE (Intrieri et al., 1998). However, it could not be generalized
that a N-S row orientation would improve WUE. Because contrarily, potted V. vinifera cvs. Bobal
and Verdejo arranged in an E-W orientation displayed a lower relative water use per canopy area
and day compared to the N-S oriented plants (Buesa et al., 2017). Here, the WUE was calculated
by the ratio of yield to the plant’s water consumption, therefore no direct comparison to the Italian
study can be made. However, a tendency of a higher yield to water use ratio was shown for the
E-W positioned vines, which was explained by a higher photosynthesis and transpiration rate of

the N-S aligned vines during the afternoon (Buesa et al., 2017).

A limitation in water affects photosynthesis negatively. Regarding the water availability, the vines
of the E-W oriented vineyard rows experienced less drought stress compared to the N-S, NE-SW
and NW-SE oriented treatments (Hunter et al., 2016), although higher soil temperatures and a
faster depletion of SWC were observed in the South African study under semi-arid conditions
(Hunter et al., 2020).

1.4.3 Effect of row orientation on berry composition of the grapevine

The composition of a grapevine berry is affected by its position at the cluster and the canopy, thus
its exposure to the environment, e.g. sun irradiation (Pieri et al., 2016; Reshef et al., 2017; Reshef
et al., 2019). During the day, the irradiation intensities influence the ambient temperature as well
as the berry temperature, which may modify the fruit metabolism, thus a variety of berry quality-
determining parameters, e.g. sugars, organic acids and secondary metabolites. Additionally,
during the grapevine growing season light conditions are altered by seasonal changes and spatial
variations due to the canopy development. Several studies focused on the analysis of grapevine
berry concerning the comparison of different row orientations or different canopy sides of

vineyards planted on plane land.

The impact of the cluster position on the composition of Welschriesling grapes was analysed in a
Chinese study. Lu et al. (2021) found a lower content of total soluble solids and a lower berry
weight in berries positioned on the W-side of the canopy, compared to the E-side. Furthermore,
the amount of total skin flavonols and the abundance of aroma compounds in the juice was less
in berries located on the western side of the canopy compared to those ripened on the east-facing
side (Lu et al., 2021). In the same study, cluster location as well as row orientation comparisons
were conducted on Cabernet Sauvignon berries. Berries located on the W-side of the canopy

showed a higher total titratable acidity, and higher amounts of herbaceous aroma compounds
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compared to the E-side of the canopy. Regarding the row orientation, total soluble solids,
flavanols and C6/C9 aroma compounds were significantly higher in the E-W oriented vine rows
compared to those aligned in N-S direction.

Likewise, Wang et al. (2022) investigated a higher diversity in the volatile aroma compounds in
another E-W oriented vineyard in China compared to grapevines planted in N-S orientation.
However, the technological maturity was more advanced in the N-S oriented rows, since berries

were riper regarding sugars, total titratable acidity and flavonoids, e.g. acylated anthocyanins.

The influence of row orientation on Shiraz berries, juice and wine composition was the subject of
an investigation in a South African long-term row orientation trial. The studies conducted took
different stages of ripening into consideration, which showed varying impact on quality-
determining fruit parameters. To sum up, the NE-SW and NW-SE row orientations as well as the
canopy sides which received moderate light and accumulated less heat during the day, especially
in the afternoon hours, grew the most favourable grapes for wine-making purposes (Hunter and
Volschenk, 2017; Hunter et al., 2021; Minnaar et al., 2021).

The composition of Riesling grapes in the Rheingau wine-growing region, Germany, was
investigated by Friedel (2018). It was shown, that well-exposed berries were lower in flavanols,
amino acid nitrogen, malate and total titratable acidity, but higher in flavonols and monoterpenes
(Friedel et al., 2016). Furthermore, sun-exposed leaves had higher content of nitrogen,
phosphorous and calcium compared to leaves grown on the shaded side of the canopy (Friedel,
2018).

The studies mentioned investigated row orientation characteristics on flat vineyard sites.
Therefore, not all findings may be directly transferred to row orientation changes on steep slopes,
i.e. terraces, since the vineyard geometry and the (solar) energy input differ substantially between
flat and steep slope sites. Most of the row orientation experiments depicted above were conducted
on red grape varieties, displayed divergent growing conditions (i.e. a high elevation or a tropical

climate) or where located at the southern hemisphere.

To the best of the authors knowledge, there is currently no peer-reviewed study available, which
covers the broad range of the topic of row orientation changes on steep slopes, i.e. the impact of
terracing on the microclimate, the grapevine’s vegetative and generative performance and its fruit
composition. Even though modern terraces were subject of vivid discussions in the past fifty years
and many benefits are attributed to this steep slope management system, there is still little holistic
literature available, hence many questions on important viticultural issues still remain

unanswered.
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1.5 General objectives

This doctoral thesis aimed to investigate the effects of a management system change in steep slope
vineyards. At first, the impact of the changes in vineyard geometry, due to the formation of
modern terraces, on i) the microclimate, ii) the soil water dynamics and iii) its effects on the
grapevine’s vegetative and generative performance was examined by comparing, inter alia, the
effect of the inherent row orientation change of the respective management system studied.
Secondly, the divergent microclimatic effects of different canopy sides of a row orientation are

subject of the work presented here.

The experimental design comprised seven

R —

vineyard pairs (Figure 2), each consisting
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Figure 2. Locations of experimental sites (squares) and
reference weather stations (triangles) along Rhine River.
The two treatments (C and T) were in next possible
proximity to each other. Numeration of sites: 1 = GM =
Geisenheimer Rothenberg; 2 = RB = Rudesheimer Berg
Rottland; 3 = AS = Assmannshauser Hoéllenberg; 4 = LB
= Lorcher Bodental; 5 = LS = Lorcher Sesselberg; 6 = LE
= Lorcher Eisersgrube; 7 = K = Kauber Burg Gutenfels.

. Map data source: Google Maps Platform.
vineyard management between treatments

are partly owed to the cultivation system itself. The selection criteria of the experimental sites
were the next possible proximity of the two treatments (namely the downslope planted vineyards
and the terraced vineyards) to each other and the same planting material (variety and rootstock)
in both of the treatments at one site.

During the experimental years, all vineyard management practices and experimental realizations

were made under a close consultation with the managers of the respective wineries.
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Table 2. Geometric parameters and planting information of the vineyard sites (GM = Geisenheimer Rothenberg; RB = Riidesheimer Berg Rottland; AS = Assmannshauser
Héllenberg; LE = Lorcher Eisersgrube; LS = Lorcher Sesselberg; K = Kauber Burg Gutenfels) and treatments (C = control, downslope planted vineyard; T = terraced
vineyard). Due to non-complete data records of the initial plantations differences in clones of the varieties were not taken into account.

Vineyard characteristics Embankment geometry Planting information
Site  Treatment Row Exposition Slope Alley Planting Planting Distance Platform Length Height Width Variety Rootstock  Year of
orientation width distance density* tocrown  width m m  m planting
(m) (m) (m) (m)

Cc N-S S 36% 140 100 7143 - - - - - White Riesling 5C, 3309C 1971

oM T E-W S 36% 200 070 3968 0.30 2.30 120 150 118 White Riesling 5C 1974
- C N-S S 40% 200 1.00 5000 - - - - - Cabernet Sauvignon SO4 2012
T E-W S 50% 200 070 3663 0.30 2.30 260 200 113 Cabernet Sauvignon SO4 2012

C N-S S 40% 180 100 5556 - - - - - Pinot Noir unknown 1993

AS T E-W S 46% 230 070 3663 0.30 2.60 230 150 12 Pinot Noir Borner 2013
1= C NE-SW SW  40% 2,00 110 4545 = = S S - White Riesling Borner 2008
T NW-SE SW  45% 230 060 4762 0.30 2.60 210 1.60 141 White Riesling Borner 2013

Cc NE-SW SW  40% 200 120 4167 - - - - - White Riesling Borner 2001

L T NW-SE SW 40% 180 070 3861 0.30 2.10 190 150 127 White Riesling Borner 2008
C NE-SW SW 60% 140 080 8929 S S - - - Pinot Noir SO4 2008

: T NE-SE SW 36% 150 090 4274  0.00 1.50 180 120 121 Pinot Noir SO4 2008

*The planting density (vines ha*) is a theoretical estimation calculated by the distance of the vineyard rows x the distance between the single grapevines
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Consequently, the following studies presented do not correspond to a meticulously prepared
experimental design, but represent an investigation under conditions of common viticultural
practice. However, the experiments were set up with the objective of a comparative analysis
between the management systems. So, the evaluations conducted were applied with the aim of a

general description of the two steep slope management systems.
Under these considerations, the following hypotheses were tested in the set framework:

H,: Vineyard terracing affects the canopy microclimate and leads to lower temperature parameters

and a more favourable canopy irradiation (Chapter 2).

Hii: The change in row orientation by vineyard terracing affects the irradiation of the bunch zone,
thus improves the berry composition and reduces the incidence of sunburn damage of Vitis

vinifera L. cv. Riesling (Chapter 3).

Hui: Vineyard terracing improves the retention of precipitation, resulting in a higher water

availability, thus a lower drought stress response (Chapter 4).

Depending on the research question and the feasibility of data acquisition, a selection of the
experimental vineyards was conducted at various sites (Figure 2). All seven vineyard pairs were
chosen for the characterisation of the microclimate of the two steep slope vineyard systems
(Strack et al., 2021). Whereas only the Riesling vineyard sites (1, 5 and 6) were selected to
investigate the impact of row orientation changes and grapevine canopy sides on the composition
of the grapes (Strack and Stoll, 2021). For the investigation of the soil water dynamics and the
observation of drought stress response, the vineyard pairs 1, 2, 5 and 6 were used (Strack and
Stoll, 2022).

For further information regarding the vineyard setup, the material and the methods, the reader
may be referred to the respective following Chapters Il — 1V.
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Chapter I1: Impact of steep slope management system and row
orientation on canopy microclimate. Comparing
terraces to downslope vineyards

This chapter has been published as:

Strack, T.; Schmidt, D.; Stoll, M. (2021). Impact of steep slope management system and row
orientation on canopy microclimate. Comparing terraces to downslope vineyards. Agric. For.
Meteorol. 2021, 307, 108515. https://doi.org/10.1016/j.agrformet.2021.108515.
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Historically and under cooler climate conditions, steep slope vineyards yielded best quality wines and highest
reputation, due to their distinctive microclimate, especially during ripening period. Nevertheless, steep slope
vineyard sites primarily suffer from reduced competitiveness leading to abandonment, thus a loss of valuable
vineyard sites. The aim of this work was to investigate differences in microclimatic conditions between different
steep slope vineyard management systems and row orientations. Records of inner canopy microclimatic pa-
rameters were taken over two consecutive vegetation periods including seven vineyard pairs. A Bayesian mixed
effect model was used to properly account for the complexity of the conducted experiment. Additionally, irra-
diation and canopy surface temperature data was compared. Grapevines planted downslope (control) exhibited a
more even light distribution on canopy sides. Contrarily, at terraced vineyard sites canopy sides showed big
differences regarding light interception, also affecting diurnal canopy surface temperature. Differences in N-S/E-
W row orientation comparison were more pronounced compared to vineyard pairs aligned NE-SW/NW-SE. Night
temperatures were slightly higher in terraced vineyards, while daily mean and maximum temperature and
temperature amplitude were higher in vineyard rows planted in line of the greatest slope. While a treatment
effect was not always clearly visible, an impact of row orientation on temperature microclimate was observed.
Differences between treatments may become more pronounced under projected climate change conditions with
consequences on physiological processes, thus grapevine performance influencing berry composition.

radiation and temperature, water availability also has a major influence
on grapevine performance in steep slopes (Hoppmann and Schaller,

1. Introduction

Vineyard microclimate is described by solar radiation, temperature,
humidity as well as wind speed. Those meteorological variables deter-
mine fruit composition and latter wine profile, hence play a crucial role
in steep slope viticulture. Historically and under cooler temperature
conditions grape maturity was only achieved on climatically favourable
steep slope sites where grapevines did not compete with arable crops on
plain fertile fields (Petit et al., 2012). Topography (i.e. altitude, slope
inclination and exposure) significantly influences the distribution of
direct sunlight and wind, affecting temperature and humidity of the
canopy (de Rességuier et al., 2020). The energy input in a vineyard
during the growing season increases with slope, especially in S and SW
exposition. Notably during the late ripening phase in autumn when solar
altitude is low, steep slope vineyards receive up to 30 to 40 % more solar
energy, compared to flat vineyards (Hoppmann et al., 2017; Jagoutz,
2005), amending the aroma profile of the berries. In addition to solar
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1981). Still, higher amounts of solar radiation lead to an increase in
potential evaporation, which, in combination with shallow soils, may
lead to a higher risk of water deficit (Hofmann et al., 2014). For S-facing
steep slopes with an angle of 30° the mean daily potential evaporation
can be higher by 0.5-0.8 mm/day during the vegetation period
compared to flat vineyards (Hofmann and Schultz, 2015). In addition,
steep slope viticulture suffers competitive disadvantages. On the one
hand, soil depth and field capacity are usually low at steep terrain
leading to a higher susceptibility to stress, further decreasing yield. On
the other hand production costs are generally higher compared to
fully-mechanized flat vineyard sites (Strub et al., 2020). A decline in
steep slope vineyard area can already be observed in German grape
growing regions, i.e. approximately 30 % in the Mosel region over the
last thirty years (Stoll and Schultz, 2021). The abandonment of xero-
thermic steep slope cultivation sites, mainly caused by economic
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reasons, does not only mean a loss of historically important vineyard
area and of sites of highest biodiversity value (Maixner et al., 2012), but
also affects the aesthetic appearance of mountainous regions and their
local socio-culture, thus magnifying economic issues for regions heavily
dependent on tourism (Job and Murphy, 2006). Concepts of keeping
steep slope viticulture economically viable include the formation of
terraces (Strub and Mueller Loose, 2021). Since the early 1970s the
suitability of grapevine cultivation for wine production on terraces has
been evaluated. Results were not always unambiguous, since soil type
and texture, the exposition and slope inclination mainly affect the ability
to convert into terraces (Michalsky, 1976). Even though terraced vine-
yards bear a lower risk of erosion and may better hold back precipita-
tion, especially young vines prior to full adaptation planted on terraces
may suffer from the competition for water due to higher evapotranspi-
ration, resulting from a higher exposed surface of the embankments,
which further requires cover crop to stabilize the small slope (Pre-
uschen, 1977). However, changing row orientation is an effective
measure for manipulating microclimatic conditions on a long-term base.
A change in row alignment in flat terrain is known to alter microclimatic
parameters affecting grapevine, namely incident solar radiation and
photosynthetic active radiation (Campos et al., 2017; Grifoni et al.,
2008; Hunter et al., 2020) which influences grapevine organ tempera-
tures (Friedel, 2018), it alters the wind flow (Tarara et al., 2005) as well
as the relative air humidity in the bunch zone (Hunter et al., 2016).

Today, a modern kind of vineyard terraces is being constructed via a
‘cut and fill’ procedure: a caterpillar levels the first platform along the
contour of the hill and compacts the soil in this process. An excavator
forms the embankment with the tilting bucket. The caterpillar then uses
the excavated soil to build the next terrace. The embankments are sta-
bilized immediately by sowing a grass mixture afterwards. A single row
of vines is planted at 0.3 m distance from the edge of the platform.

The objective of this study was to compare the microclimatic con-
ditions of steep slope vineyards aligned downslope versus terraces to
gain a better insight in the complex interaction of grapevine
performance.

2. Materials and methods

Seven vineyard pairs, each consisting of a vineyard according to the
standard cultivation method of vines planted downslope (control, C) and
a terraced vineyard system (T) were selected along the Rhine River to
characterize microclimatic conditions of grapevine canopy. The exper-
imental sites are located in the Rheingau and Middle Rhine valley wine
growing region in Germany (see Fig. 1).

2.1. Site description and experimental design

The maximum linear distance of the experimental sites is approxi-
mately 18 km. In consideration of the limited number of terraced
vineyards in the region vineyard pairs were selected by two criteria:
variety and the next possible proximity of the two different managed
treatments to each other. Vineyard pairs shared the same Vitis vinifera L.
cultivar. The vines of both treatments were all trained using vertical
shoot positioning (VSP), with a single guyot comprising 6-8 buds per m?.
Row spacing ranged from 1.4 m to 2 m among the control treatments,
depending on vineyard age and feasibility to mechanization. Vine space
ranged from 1.2 m? to 2.2 m. Since geometry of terraced vineyards (T)
is mainly affected by topography (i.e. hill slope and length, soil depth
and structure) and type of mechanization, the geometrical parameters
differed (see Table 1).

2.2. Mesoclimatic conditions
Vegetation period temperatures of 2019 and 2020 were above

average compared to the three-decade average of 1981-2010 (Table S1
and Fig. S1). In 2019 growing season started with hot and dry weather
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Fig. 1. Locations of experimental sites (squares) and reference weather stations
(triangles) along Rhine River. The two treatments (C and T) were in next
possible proximity. Numeration of sites: 1 = GM = Geisenheimer Rothenberg;
2 = RB = Riidesheimer Berg Rottland; 3 = AS = Assmannshauser Hollenberg; 4
= LB = Lorcher Bodental; 5 = LS = Lorcher Sesselberg; 6 = LE = Lorcher
Eisersgrube; 7 K = Kauber Burg Gutenfels. Map data source: Google
Maps Platform.

conditions from April to October (2.6°C higher compared to the long-
term average) little amount of rain fell since July 2018 (rainfall deficit
of -13.5 %,; sunshine hour surplus of 28 %). In 2019 rainfall was 13.3 %
less compared to the long-term average and had an increase of 19 % in
sunshine hours. When compared to the long-term average, in 2020
precipitation was 23 % less, while the amount of sunshine hours
increased by 21 %. Each month showed warmer mean temperatures
compared to the long-term average, except the month of May, both in
2019 and 2020. For 2019 and 2020 there was an annual temperature
increase of 1.3°C and 1.7°C, respectively. In general, bud burst was
about one week advanced in 2019 and about two weeks earlier in 2020
(DOY 102), being the second earliest bud burst date for Riesling since
the beginning of weather records (1955) in the Rheingau grape growing
region (data source: Regierungsprasidium Darmstadt, Dezernat Wein-
bau, Eltville). Flowering was only two days in advance in 2019, but two
weeks earlier in 2020. Temperatures in June and July were higher in
2019 compared to 2020 (+2.7°C and +0.9°C, respectively), but spring
and autumn months showed higher average temperatures in 2020 (April
+1.6°C, May +1.4°C, September +1.4°C). Data from the three weather
stations "Hochschule’, 'Riidesheim’ and 'Lorch’ were used and linked to
the seven sites based on local proximity as follows: Hochschule = GM;
Riidesheim = RB, AS; Lorch = K, LE, LS, LB.

3. Assessment of microclimatic parameters
3.1. Inner canopy physical parameters & statistical approach

During the vegetation period of 2019 and 2020 three data loggers
(EL-USB-2; Lascar Electronics Ltd., Wiltshire, UK) per site and treatment
recorded air temperature (°C) and relative air humidity (%) in five
minute intervals at bunch zone height (approx. 1 m above ground). Prior
to the experiment the measuring accuracy was evaluated by comparing
the temperature data measured in a controlled environment at 15°C,
30°C and 40°C. Mean variance among tested sensors was 0.06°C with a
maximum variance of 0.28°C for temperature and 2.61 and 4.79 % for
the variance of relative humidity records. According to manufacturer
specifications measurement accuracy of the sensor was +0.5°C and
+3.5 %, repeatability was +0.2°C and +0.2 % for temperature and
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(Flegal et al., 2020)). Visualizations are based on ggplot2 (version 3.3.3
(Wickham, 2016)).

3.2. Canopy surface parameters

Measurements of bunch zone light energy interception and canopy
surface temperature were conducted at three major grapevine growth
stages (flowering [E-L 23], onset of ripening [E-L 35] and berries
harvest-ripe [E-L 38], according to Coombe (1995)). Four of the seven
vineyard pairs were selected for measurements of canopy characteris-
tics, taking the different row orientations of the treatments (N-S, E-W,
NE-SW, NW-SE) into account. In general, sunny and clear conditions
were preferred for conducting the trial for better comparability.

3.2.1. Cumulated relative global radiation measurements

A grid (1 m x 0.3 m) equipped with fifteen photosensitive films
(OptoLeaf R-3D, Taisei-Environmental & Landscape Group, Tokyo,
Japan) was placed in front of both canopy sides, sunlit and shaded, at
bunch zone height (0.7 m to 1 m) at all experimental sites in 2019 and
2020 during same time intervals. The dyed triacetyl cellulose strips with
a maximum absorbance at 521 nm were placed vertically in the frames.
The light sensitive films were attached to and collected from the grid
after sunset to prevent further fading of the dye. The use of the photo-
sensitive films has been previously evaluated as a simple and accurate
method for the characterization of bunch zone light exposure (Bon-
tempo et al., 2018). From a weather station of Hochschule Geisenheim
University (49°98°4” N; 07°95°44” E) global radiation data was ob-
tained. At this weather station and for calibration purposes two hori-
zontally mounted photosensitive films were detached three times a day
(08:00, 14:00, 20:00 CET) and dye fading was measured using a
photometer (D-Meter RYO-470, Taisei-Environmental & Landscape
Group, Tokyo, Japan). The fading values were plotted against cumulated
global radiation data. The obtained regression equation was used to
determine a site-specific calibration to convert the fading rate of the
light sensitive films into a cumulated relative amount of global solar
radiation (Whm™2). Calibration curves were created for each measure-
ment period in 2019 and 2020. Individual calibrations showed a very
good fit (R? > 0.97) and a good comparability to manufacturers fading
rate formula. Although the objects of investigation were different within
a site, where similar radiation intensities are present, output data was
normalized by dividing the respective sum of global radiation for the
measurement period to account for differences in exposition time (two
to four days, depending on the fading pace) between periods.

3.2.2. Canopy surface temperature measurements

In 2020 infrared radiometer sensors (Model SI-431-SS, Apogee,
Logan, UT USA) were used to record canopy surface temperature over a
period of 24 hours, parallel to the radiation measurements mentioned
above. The sensors (ultra-narrow field of view, 14° half angle), were
placed at the same height and distance of each canopy side of a vineyard
pair to obtain comparable measuring surfaces. Considering different leaf
area at the phenological stage of E-L 23, E-L 35 and E-L 38 (i.e. 0.3 m%;
0.8 m? and 0.8 m?, respectively), sensor readings were taken at three
times. The radiometers were connected to a CR300 data logger
(Campbell Scientific, Logan, UT USA) for a continuous recording of data
in two second-intervals. Although not all sites could be measured
simultaneously, within-site measurements were always conducted at the
same date. To consider similar time frames between sites a 24 h-time
duration was extracted starting at 02:00 am for each sensor. Due to
different measurement dates between sites only exploratory data anal-
ysis was conducted. Differences between sunlit and shaded sides were
compared within a vineyard and differences between similar sides
(shaded, sunlit) of different treatments (C, T) were compared within a
site. Additionally, to compare average surface temperatures of C and T
canopies, the mean temperature of the sunlit and shaded side of a can-
opy was calculated for each time point.
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3.3. Assessment of phenology and vegetative growth

Phenological records were generated at all seven vineyard pairs. For
shoot length measurements a reduced number of sites, as in 3.3, were
chosen.

3.3.1. Phenological observations

Grapevine growth stages being assessed included budburst (E-L 4)
and flowering (E-L 23), according to the modified E-L system (Coombe,
1995). For budburst fifty randomly selected vines per vineyard were
scored, recording each bud status along the cane. For flowering the
status of one hundred inflorescences per vineyard were scored on
randomly selected vines. The onset of ripening was determined
measuring total soluble solids (TTS) > 5 °Brix by a handheld refrac-
tometer (HRKL32, Kriiss, Hamburg, Germany).

3.3.2. Shoot growth measurements

For shoot growth measurements three buds on six vines per vineyard
were tagged at budburst. Buds were selected at the base, the middle and
the second last position of the cane. Shoot growth was assessed weekly
by measuring from the bud’s base to the shoot tip.

4. Results
4.1. Inner canopy temperatures

After splitting the data into subsets representing different combina-
tions of daily sums of global radiation with wind speed, the following
results were detected for differences in median of the analysed param-
eters Tmin, Tmean, Tmax, and Tamp. In Figs. 2 to 4 and S2, posterior
predicted probabilities (P) of absolute differences are categorized in (i)
differences (A) >0°C [%] and (ii) differences (A) > 0.5°C or <-0.5°C
[(%)], representing the threshold of exceeding logger resolution of
0.5°C. Differences (A) > 0 [%] and > 3.5 % or <-3.5 % [(%)], represent
the threshold exceeding logger resolution for relative air humidity of
3.5 % (Figs. 5 and 6). Data is presented in order of significance of the
results, from differences in minimum to mean to maximum temperature
and relative air humidity between the treatments.

4.1.1. Differences in daily minimum temperatures inside the canopy

No differences larger than the offset of logger resolution could be
detected for minimum temperatures between the treatments, indepen-
dent of row orientation and wind speed in all periods of spring, summer
and autumn (range of P: 7 to 46 %; Fig. 2). Nevertheless, trends in
minimum temperature difference (i.e. A < 0.5°C) could be detected for
the 2020 vintage. Terraced vineyards of both row orientations, E-W and
NW-SE, showed slightly higher minimum temperatures concomitant to
higher daily sums of global radiation values during all seasons in 2020.
Maximum differences for both row orientations of terraced vineyards in
2020 reached 0.29°C and 0.25°C (P ~ 75 %) in spring, 0.34°C (P ~ 80 %)
in summer and up to 0.45°C in autumn (P ~ 80 %). In summer and
autumn 2019 minimum temperatures were the same (P = 50-60%).

4.1.2. Differences in daily mean temperatures inside the canopy

While no differences between treatments exceeding logger resolution
of 0.5°C were observed, small differences (A < 0.5°C) could be found
mainly for vineyards in the comparing of N-S/E-W planting directions
(Fig. 3). Probabilities were generally high (86-99 %) at medium to
greater amounts of the daily sum of global radiation (7.5-9 kWhm~?2). At
calm wind and for wind speeds between 2 ms~2 and 4 ms 2 at a daily
sum of global radiation of 4.5-6 kWhm 2 in spring and summer 2019 as
well as in summer 2020 control vineyards planted in N-S orientation
showed higher temperatures than terraced vineyards (difference of
0.22-0.43°C, at P of 80-97 %; data not shown). Solid probabilities were
obtained for temperature differences in the range of 0.26°C and 0.45°C
during spring, 0.36°C to 0.7°C during summer and 0.4°C to 0.65°C in
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Fig. 2. Posterior predicted differences (median, 50 % and 89 % HDI) of daily minimum temperature between control (C) and terraced (T) vineyards for different
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data including the median (white line). Triangle direction and size highlight the tendency and robustness of treatment differences (o= C>T; v = C<T). Dashed lines

represent the +0.5 °C sensor accuracy.

autumn (September and October). Control vineyards in NE-SW orien-
tation only showed solid probabilities in spring of 2019 with maximum
differences in daily mean temperature of 0.17°C and tendencies in the
same range for being higher in temperature than the terraced treatment
during summer and autumn months at medium daily sum of global ra-
diation. With an increase in the daily sum of global radiation in summer
differences became less pronounced.

4.1.3. Differences in daily maximum temperatures and temperature
amplitude inside the canopy

Little effect of daily minimum temperatures on the vineyard system
or row orientation resulted in a higher impact of differences in daily
maximum temperatures on daily temperature amplitudes. The pattern of
daily temperature amplitudes followed the pattern of daily maximum
temperatures (Fig. S2). In general, control vineyards showed higher
daily temperature amplitudes. Probabilities of absolute maximum tem-
perature differences greater than 0.5°C between C and T treatments
were in the range of 13 and 91 % (Fig. 4). Low probabilities were
associated with categories of a low daily sum of global radiation across
all seasons and years, while higher probabilities (i.e. > 80 %) were found
in summer and autumn. Eventually, the difference was more consistent
when comparing N-S and E-W row orientations (south-exposed vine-
yards), especially in summer of 2019, where NE-SW and NW-SE (SW-
exposed vineyards) comparison did not show signs of a difference be-
tween the control and terraced vineyards (e.g. 50 % probability of dif-
ference greater than O for the highest daily sum of global radiation
category in summer 2019). While N-S oriented control vineyards were
up to 1.73°C higher in temperature compared to terraced vineyards
during radiation-intense summer days (P = 90 %), the NW-SE control
vineyard showed the same, but a little cooler and less reliable, tendency
in the summer of 2020 (maximum difference of 1.08°C, P ~ 70 %). For
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spring of 2019 and 2020 probabilities of differences in daily maximum
temperature between C and T were generally lower than for the seasons
of summer and autumn. Higher daily sums of global radiations indicated
higher probabilities of differences in the range >0.5°C for the N-S ori-
ented vineyards. The maximum differences for control vineyards in N-S
direction were in the range of 0.37°C to 0.69°C in spring of 2019 and
0.46°C to above 1°C in spring of 2020, ascending with an increasing
daily sum of global radiation. While for control vineyards planted in NE-
SW orientation the range was within 0.36°C and 0.58°C along with high
daily sum of global radiation values (P > 80 %). The letter “H” indicates
observations during heat waves in the summer of 2019 and 2020
(Fig. 4). Within these periods differences of up to 5°C were measured.
These extremes exceed the range of the most probable predicted dif-
ferences. However, most of the heat wave observations did not show
extreme outlying behaviour. High probabilities can be observed for
trends in higher maximum temperature of C treatments planted in N-S
direction in autumn of 2019 and 2020. In both vintages a maximum
difference of about 2°C could be detected at increased daily sum of
global radiation values and under calm wind conditions. Contrarily,
terraced vineyards of NW-SE orientation tended to become higher in
temperature in autumn of 2019 with rising daily sum of global radiation
(0.61°C to 0.81°C). However, in autumn 2020 no differences could be
observed for vineyard pairs planted in NE-SW and NW-SE orientation
(Fig. 4).

4.1.4. Differences in daily minimum relative air humidity inside the canopy

Probabilities of differences in daily minimum relative air humidity
values ranged from 1 to 39 %, indicating no differences larger than
logger accuracy of £3.5 % (Fig. 5). Probabilities of minor differences
[-3.5, 3.5 %] were observed within the range of 50 to 94 %. Small dif-
ferences (P > 70 %) were found for N-S/E-W planted vineyard
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Fig. 3. Posterior predicted differences (median, 50 % and 89 % HDI) of daily mean temperature between control (C) and terraced (T) vineyards for different daily

sum of global radiation values and wind speed <2 ms !

, vintage and season from Bayesian generalized linear mixed effects model. Percentages (%) represent the

probability of C-T > 0 and percentage in brackets ((%)) represents the probability of C-T > 0.5. Violin plots show the density distributions of the measurement data
including the median (white line). Triangle direction and size highlight the tendency and robustness of treatment differences (o= C>T; v = C<T). Dashed lines

represent the +0.5 °C sensor accuracy.

comparison mostly at high daily sum of global radiation values.
Terraced vineyards planted in E-W direction tended to have higher
values of relative air humidity in summer and autumn of 2019 and 2020
for daily sum of global radiation values of > 3 kWhm™2, showing
probabilities of up to 87 % (Fig. 5). Differences in vineyard comparison
of NE-SW/NW-SE row orientation were slightly higher 0 %; but showed
high differences in autumn of 2019 (+2 % relative air humidity).
Nevertheless, differences were (i) minor and (ii) showed small values of
p.

4.1.5. Differences in daily maximum relative air humidity inside the canopy

Relative air humidity probabilities for daily maximum differences
were minor within a range of 50 % to 95 %, while differences exceeding
+3.5 % logger accuracy was between 1 and 26 % (Fig. 6). For small
differences [-3.5, 3.5 %] probabilities were more pronounced in the
months of autumn (2019 and 2020) and summer of 2019. Relative air
humidity values followed the trend of warmer control vineyards in N-S
and NE-SW oriented (control) vineyards. Only one value, however,
exceeded the logger accuracy threshold of 3.5 % for the high daily sum
of global radiation records in autumn of 2020 (3.7 %, Fig. 6). All other
data was within the measurement uncertainty.

4.2. Canopy surface radiation measurements

4.2.1. Cumulated relative global radiation measurements

The proportion of radiation interception of the canopy sides did not
differ between years at the different experimental sites within different
row orientations (Fig. 7). The means of the absolute values of cumulated
received solar radiation at bunch zone height are displayed in the sup-
plementary material (Table S2). The radiation energy received at the
bunch zone was lowest at canopy sides exposed to north and its 45°-
shifted treatments (NE, NW). The share of ambient global radiation for

25

northward exposed canopy sides was low (9 to 22 %) during all mea-
surement periods. NE-exposed sides showed similarly low values and
values of the NW-side of the canopy ranged between 20 and 30 %. E-
facing canopies received a share of global radiation of about 30 %
(Table S2). Obtained values of SW-exposed sides showed high values of
global radiation (values > 10 kWhm2), covering the gap between W-
ward and S-facing canopy sides. In Fig. 7A vine rows in NE-SW direction
are compared to their NW-SE terraced equivalent for both years. The
mean intercepted light energy (dashed lines) of the two systems was
equal during summer (differences ranged between zero and eleven
percent during flowering and onset of ripening), but in autumn at
developmental stage of harvest ripeness the terraced vineyards
benefited by sunlight due to higher light interception on the southwest
side of the canopy, caused by the lower sun level at this time of the year.
Differences were more pronounced in 2019 (16 to 20 %; Fig. 7A). East
and west sides of the control canopy showed similar values of relative
cumulative global radiation (Fig. 7B) during all measurement periods,
with mostly slightly higher values for the W side of the canopy. In
terraced vineyards, the north side of the canopy received much less light
(e.g. approximately -50 % at flowering and about four to five time less
during onset of ripening) compared to its opposed sunlit southern side.
The biggest differences can be observed at the development stage of full
ripeness (harvest), where south exposed canopies received five to eight
times more sunlight leading also to a high canopy mean of cumulative
global radiation. Canopy sides of the control vineyards in N-S orienta-
tion showed no big differences, similar to the previously measured pe-
riods (Fig. 7B). Values exceeding 100 % resulted from site specific
calibration and external calculation of daily global radiation sums used
for normalization (Fig. 7 and Table S2). Nevertheless, the data shows
reliable observations of the proportion in energy balance of the
distinctive canopy sides.
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4.2.2. Canopy surface temperature measurements

The increase in temperature of the respective grapevine canopy
surface followed the daily course of the sun. NE-, SE- and E-exposed
canopy sides showed an early and fast increase of surface temperature at
sunrise (Fig. 8). SE- (control) and NE- (terraced) sides of the canopy
became 4°C to 7°C warmer compared to the, at the time shaded canopy
equivalent NW and SW, respectively (Fig. 8A-C). While SE-canopy side
temperatures reached maximum values (Tmax) at noon and early af-
ternoon during flowering and close to harvest, maximum temperatures
of SE at the onset of ripening occurred simultaneously with the NW-
facing canopy side in late afternoon. The terraced vineyard of canopy
sides NE (hill facing) and SW (valley facing) reached their maximum
temperatures at the same time in the afternoon during all measurement
periods. Around early afternoon (01:00 pm) canopy warming acceler-
ated at canopies with westward exposition (W, NW, SW). SW-facing
canopy sides, being the warmest in every measurement period,
reached Tmax about two hours earlier (04:00 pm) than NW-exposed
canopy sides and then declined faster. After sunset temperature curves
overlapped, but terraced vineyards generally stayed warmer overnight.
The comparison of N-S and E-W oriented vineyards showed the same
pattern. However, with the sun rising, E and W sides of the control
vineyards warmed up faster during summer measurement periods.
While both shaded canopy sides of control (E) and terraced vineyards
(N) showed similar temperature profiles during the day, S-side of T
canopy warmed up faster until reaching a maximum in the early after-
noon. W-side of the control reached Tmax in the late afternoon. Tem-
perature decline in the evening was again generally faster for control
vineyards compared to the terraced sites (Fig. 8D and E).

The average of daily temperature course of both canopy sides of each
treatment resulted in a similar pattern of temperature distribution dur-
ing the day (Fig. 9A-E). Terraced vineyards showed higher canopy
surface temperatures at night time compared to canopies of control
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vineyards on sunny days. Days with cloudy weather conditions did not
show such a pattern (results not shown). With the sun rising, control
vineyards warmed up faster until around noon. Terraced vineyard
temperature rose fast creating a maximum difference between treat-
ments of almost 4°C compared to the control. In the late afternoon,
control vineyards canopy surface temperature peaked again until a
decline close to sunset. During the night, the maximum value of mean
canopy surface temperatures was about 1.5°C lower for control vine-
yards compared to terraced sites (Fig. 9).

4.3. 4.3 Phenology & vegetative growht

4.3.1. Phenological development

In general, all control vineyards showed a small advance in the
phenological growth stage of budburst (E-L 4, green tip visible) in both
years. In 2019 an earlier bud break in vineyards planted in N-S orien-
tation (GM, RB) was observed compared to terraced vineyards which
had an approximate delay of two days. Scoring showed an advanced
growth stage for control vineyards planted in NE-SW direction with an
earlier bud burst in 2020. For all control treatments bud break was
observed three days earlier compared to terraced sites. At two sites (GM,
RB) bud break of both treatments happened simultaneously.

Full bloom (E-L 23) occurred a little earlier for control treatments in
2019 and 2020 compared to terraces vineyards which showed a delay of
three days (GM, RB, LB) or two days (LE, LS, AS). At site K flowering
occurred simultaneously for both treatments. Advanced flowering in
2020 was found at sites GM, RB and K with a lead of four, four and two
days, respectively. All other vineyard pairs showed a similar occurrence
of 50 % cap fall, with a slight advance of control vineyards.

Technological records of the onset of ripening for both treatments at
the five sites tested are shown in Table 3. Determining measurements for
the onset of ripening were late in 2019. Data is inconsistent between
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Fig. 5. Posterior predicted differences (median, 50 % and 89 % HDI) of daily minimum relative air humidity between control (C) and terraced (T) vineyards for
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Dashed lines represent the +3.5 % sensor accuracy.

years for most sites. Only at site LE terraced vineyards showed an earlier
beginning of ripening during both years, while for control treatment in
GM total soluble solids were higher (Table 3).

4.3.2. Shoot growth measurements

In both years it was observed that control vineyards showed an
increased shoot growth rate, i.e. cm length per degree day, at all sites
and for the first measurement dates (Fig. 10). In 2019 shoot develop-
ment was consistently faster at sites GM and LE in the control groups
compared to shoots of the terraced vineyards. The other two sites
showed an early convergence of shoot length, approximately at the mid/
end of May (~DOY 135-140). The 2020 vegetation period showed a
similar trend pattern of shoot growth for both treatments. Control
vineyards started with faster shoot growth until the mid of May for all
vineyards observed. By that time shoots of vines planted on terraces
exceeded control vines’ shoot length until the first trimming.

5. Discussion

Data of the Geisenheim weather station showed that within the last
five decades (1970s to 2020) solar radiation increased for each season
by 0.9,1.1. and 0.4 kWhm 2 (spring, summer and autumn, respectively;
Fig. $3), which is in accordance with the findings of global brightening
since the 1990s (Wild et al., 2005). In line with this observation is the
increase of summer days, i.e. daily Tmax > 25°C (five days in spring, 25
days in summer and three days in autumn), and heat days, i.e. daily
Tmax > 30°C (one day in spring, twelve days in summer and one days in
autumn; Figs. S4 and S5, respectively) for the months within the vege-
tation period the mid-20™ century for the Rheingau wine growing re-
gion. The impacts of global climate change on viticulture have already
been discussed intensively (Jones et al., 2005; Santos et al., 2020;
Schultz, 2000; van Leeuwen et al., 2019). For warm to hot growing
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regions exacerbating projections, e.g. an overall warming and drying
from the mid to the end of the century (Santillan et al., 2020), a shift of
berry ripening phase into warmer summer months (Webb et al., 2007)
and earlier and intensified heat wave occurrences (Fraga et al., 2020)
have been forecasted. Even though cool climate grape growing regions
will face changes too, predictions point to rather beneficial conditions
favouring consistency in berry ripening, wine quality and vintage
characteristics (Jones et al. 2005). Nevertheless, over the last fifty years
the average temperature during vegetation period increased by 0.9°C
with average values during the periods of 14.8°C, 15.2°C and 15.7°C for
1971-2000, 1981-2010 and 1991-2020, respectively (data of Gei-
senheim weather station) causing a shift of the growing region of
Rheingau from cool (13°C to 15°C) to intermediate (15°C to 17°C)
climate (Hall and Jones, 2009). This may affect berry composition and
wine profile (Jones et al., 2012; Molitor and Junk, 2019). Single vintages
of previous years showed an immense increase of average temperature
during vegetation period (2018: 17.8°C, 2019: 16.4°C, 2020: 16.7°C;
Table S1). Schultz (2016) stated that vegetation period temperature has
already exceeded estimated upper limits for traditionally grown grape-
vines in the Rheingau grape growing region. But also, that these upper
limits are not really known, since ecophysiological adaptation, plasticity
of grapevine cultivars and changing management practice alter the
performance of the vines (Schultz, 2016; van Leeuwen et al., 2013). To
reduce impact of a changing climatic environment several mitigation
techniques such as adjusting leaf area to fruit weight ratio or changing
the trellis system of the vines have been developed and are already being
adopted by winegrowers (Gutiérrez-Gamboa et al., 2021; Santos et al.,
2020).

Grapevine phenological development is heavily influenced by soil
temperature in spring, activating nutrient mobilization and alterations
in phytohormone dominance in respective grapevine organs (Liu and
Sherif, 2019; Zelleke and Kliewer, 1979). Bud tissue temperature may be
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more important for the bud break date than ambient temperature
(Keller and Tarara, 2010), since bud tissue can exceed ambient daytime
temperature by 1°C to 2°C in March and April (Pena Quinones et al.,
2019). Neither soil nor bud temperatures were measured during this
experiment. However, bud burst recordings generally showed a minor
advance for the control vines compared to those planted on terraces.
Small (< 0.5°C) but reliably (P > 80%) higher differences in the tem-
perature of the bunch zone were observed for control vineyards in
spring, mainly for Tmax in 2019 and 2020 (Fig. 4), but also for Tmean in
2019 (Fig. 3), with a clear favour for N-S planted vines. The bare or at
least less covered soil of the control vineyards might have been warmed
faster compared to grass-covered embankments of terraced vineyards in
early spring (Nazrala, 2007; Penfold and Collins, 2012; Pradel and Pieri,
2000). Tmin data is inconsistent between the years, highlighting a vin-
tage effect on daily minimum temperature observations, tending to
favour terraced vineyards with slightly higher temperatures in 2020
(Fig. 2).

Comparable with budburst observations, a tendency of slightly
earlier flowering was detected, although there may not be a strong
projected relationship between these events (Tomasi et al., 2011). Jones
and Davis (2000) mentioned the impact of sunshine hours during bud-
burst on inflorescence differentiation. Radiation measurements did not
take place during the stage of budburst. Still, light conditions during bud
burst can be assumed to be similar, since no possible canopy shading of
neighbouring rows altered sunlight distribution. Nevertheless,
maximum temperatures in spring are known to mainly impact on the
date of flowering (Fraga et al., 2016; Tomasi et al., 2011) and control
vineyards showed slight but consistently higher maximum temperatures
in spring, which may favour a slightly advanced flowering. Even though
differences shown in this study were small and may not affect practical
viticultural decisions prior to veraison, the terracing of vineyards may
serve as an addition to this toolbox for viticulturists.
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The shoot growth pattern between budburst and flowering was quite
similar for all treatments, despite two sites in 2019 (GM and LE; Fig. 10).
The more apparent differences may result from a significantly higher
pre-flowering nitrogen status (N, measured as leaf chlorophyll; data not
shown) of the control vineyards in GM and LE in that year. Starting with
a trend for a more rapid shoot development of the control vines, i.e.
higher growth in length per degree day, terraced vineyards exceeded
them in shoot length from mid of May onward. In addition to differences
in N supply, the water availability plays an important role as well. In the
early years of the vineyard development the, competition with cover
crop on the embankments may strongly affect vegetative and repro-
ductive growth of young vines planted on terraces. However, literature
reviewed by Michalsky (1976) showed that root growth was higher in
length on terraced compared to non-terraced vineyards and roots of
vines on terraces tended to grow towards the centre of the platform,
where a higher soil water content exists. Due to the orientation along the
contour of the hill terraced vineyards may also improve infiltration and
water storage during spring and winter (Ramos and Mulligan, 2005). On
the contrary, soil depth at steep slopes is usually shallow at steep slopes
and the run-off is by far higher (Emde, 1992). Bordoni et al. (2016)
found the highest amount of roots at depths of 0.2 m to 0.6 m. While
young vines planted on terraces may be competing strongly with
embankment weeds, fully adapted grapevines may benefit from higher
water availability, depending on evapotranspirative demand of the
surrounding vegetation.

Tarara et al. (2005) found that shoots parallel to prevailing wind
were longer, while shoot growth of the windward side of a N-S oriented
canopy was reduced, inter alia due to possible heat flux. The effect of
wind is not only important regarding growth perturbance. Jagoutz
(2004) described the prevailing wind directions under different diurnal
conditions. The prevailing wind direction at clear sky days during spring
and summer in the Rheingau grape growing region is SW, and W
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between early and late morning (03:00 am to 09:00 am) as well as E
from late morning to afternoon (09:00 am to 03:00 pm). Furthermore,
warm upslope winds occur during summer months blowing from south.
After sunset katabatic wind forms and flows to the valley from
NW/NNW, draining cold air to the foot of the hill. In autumn afternoon
wind blows from NE and SW (Jagoutz, 2004). This pattern of wind may
explain both observations of temperature: (i) differences between con-
trol and treatment and (ii) the extent of differences between the different
row orientations. Perpendicular to prevailing wind planted vineyard
rows sheltered their neighbours, which reduced wind speed at bunch
zone height of wide spaced vines (3 m x 1.7 m) by 0.8 ms ™! as shown by
Heilman et al. (1994). More narrow planted rows, like in control treat-
ments, may be even more effective in reducing wind speed.

A distinct microclimate evolves only under sunny conditions with
wind speed <2 ms™! (Horney, 1975). Differences in temperature be-
tween treatments became more apparent with an increase in daily global
radiation values and at calm wind conditions. The deceleration of wind
allows to build and maintain a distinctive microclimate in the vineyard,
even more promoted by an increase in leaf area (Figs. 3 and 4). Low
wind speed and high relative air humidity enhances the risk of fungal
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disease development (Sentelhas et al., 2008; Thomas, 1988). Most
pathogens need high humidity values to sporulate (in general RH >85
%; Carroll and Wilcox, 2003; Pardo et al., 2005; Thind et al., 2004).
Presented differences between treatments of daily relative air humidity
values were minor in this study (Figs. 5 and 6). Slightly higher minimum
values of relative air humidity were found for terraced vineyards, mainly
for E-W orientation in summer and autumn, whereas for maximum
values control vineyards in N-S orientations showed higher values of
relative air humidity. Climatic conditions in 2019 and 2020 were
favourable for vine health and plant protection measures. No fungal
infections could be detected during the two years of study. Hunter et al.
(2016) also showed minor differences of hourly mean relative air hu-
midity between row orientations for a vineyard planted in the flat in
South Africa. An adequate canopy management is essential to lower the
risk of fungal diseases, especially prior to veraison (Smart and Robinson,
1991). Therefore, properly scheduled canopy management may affect
relative air humidity inside the canopy more than row orientation
changes, although other microclimate parameters are notably affected
by a change in row alignment.

At the experimental sites wind is free to move in E-W oriented vine
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rows, thus hindering warm air to accumulate. Planting vines in line of
the greatest slope (e.g. N-S) allows warm upslope winds to enhance
temperature in the vineyard during day, while cold drainage flow during
night increases the temperature amplitude, as observed (Fig. S2). For
control vineyards planted in NE-SW direction, the prevailing wind di-
rection of SW in the morning means a parallel wind flow. On the
opposite within terraced E-W oriented vineyards, only during early
hours of the day microclimate is affected by wind flow. During
September and October, when the canopy is fully developed, NE-winds
occur, which led to warmer conditions in terraced vineyards, as seen in
autumn of 2019 (Fig. 4) and 2020 (Fig. 2). Depending on row orienta-
tion, but even more on vineyard geometry and orography, terraces act
like semi-natural impediments (Evans, 2000). Thus, cold air flow during
the night may not have affected terraced vineyards as much as those
planted downslope. This would lead to higher minimum temperatures
during night and a compression of the diurnal temperature range, even
though katabatic winds from NW/NNW flow parallel to NW-SE oriented
terraces from early evening. This was supported by canopy surface
temperature measurements recorded in summer and autumn of 2020
(Figs. 8 and 9). During night time the average surface temperature of the
canopy showed consistently warmer conditions in terraced vineyards
regardless of row orientation (Fig. 9). During a sunny day course there
was a high probability (P > 80 %; Fig. S2), that terraced vineyard’s
temperature amplitude was 1.4°C to 2.6°C more damped during summer
and autumn compared to control vineyards (N-S/E-W comparison).
The impact of damped diurnal temperature ranges on fruit
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parameters has been investigated in previous studies (Cohen et al., 2012;
de Rességuier et al., 2020; Gaiotti et al., 2018; Kliewer and Torres,
1972). Cool nights are associated with a high potential for colour and
aromas, if full maturation is achieved (Tonietto and Carbonneau, 2004),
but night temperatures < 15°C reduced assimilation during the
consecutive day and export of sugar to sink (Tombesi et al., 2019). While
warmer temperatures before onset of ripening increase malat content in
grape berries, warmer night temperatures post-veraison are related to
higher respiration of malic acid, thus lower total acidity and higher pH
(Rienth et al., 2016; Sweetman et al., 2014). The mean of minimum
temperatures in September (“cool night index”, CI) was “very cool” (<
12°C, Tonietto and Carbonneau (2004)) for all vineyards observed,
except RB in 2020 (12 < CI < 14, “cool”). Usually, terraced vineyards
showed a slightly higher CI (0.05 to 0.55°C) compared to control and
temperature amplitudes in this study were not as high as in studies
mentioned above. A general global increase in minimum (as well as
maximum) temperatures was shown by Vose et al. (2005) and warm
days and warm nights are predicted to likely increase in frequency
during the next decades (IPCC, 2013). Noteworthy, in the Rheingau
region where this study was conducted, Schultz (2016) observed an
overall trend of continuously decreasing daily temperature amplitudes
over a period of the last hundred years. Small, but consistently elevated
minimum temperatures may affect physiological or enzymatic processes
in terraced grapevines more than in control vines, due to higher mini-
mum temperatures during night. Berry composition of grapes origi-
nating from terraced vineyards in E-W orientation may therefore be
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Fig. 9. Daily course of canopy surface temperature averaged (A, B, C:
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orientation NE-SW, D, E: site RB with N-S orientation for control (C)
and E-W orientation for terraced vinesards (T)). Bottom line shows
differences between average canopy temperatures of treatments. Red
- line indicates zero. Area plots indicate difference, colours indicate
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Table 3

Comparison of total soluble solids (°Brix, mean + standard deviation) at the
onset of the ripening phase for control (C) and terraced vineyards (T) in 2019
and 2020 for different sites. DAB indicates days after budburst.

Total soluble solids (°Brix)

2019 2020
Site C T DAB C T DAB
GM 124+ 0.1 12+£0.7 125 9.4+£04 7.9+0.2 119
LE 9.2+ 0.3 10.8 + 0.2 122 6.5+ 0.0 6.8 £0.0 126
LS 9.9 + 0.5 9.6 £0.1 122 6.8 £ 0.0 7.1+0.0 126
K 8.3+ 0.2 9.6 £0.1 118 6.8 £0.1 6.5+0.1 112
RB 11.7 £ 0.2 9.7 +£0.1 118 6.5+ 0.0 6.7 £0.0 112

more affected in the future compared to control vineyards planted in N-S
orientation.

Berry composition is strongly affected by solar radiation due to
photosynthetic performance (carbon assimilation), thermal effects as
well as phytochromatic and enzymatic activity (Smart, 1987). Maximum
differences in canopy surface temperature usually occurred shortly after
sunrise (Fig. 9). Differences may be higher between canopy sides in the
morning, but maximum temperature is reached in the afternoon,
showing a more severe impact on grapevine physiology. Excessive heat
and light, often the precursor of drought stress, down-regulates photo-
synthesis and increases respiration leading to an adverse carbon bal-
ance, reduced yield and vegetative growth as well as an altered fruit
composition (Palliotti and Poni, 2015). From noon to early evening,
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terraced vineyards showed warmer canopy surface temperatures, due to
direct exposition of the valley-facing canopy sides of the vines towards
the sun, approximating or even exceeding the optimal range of photo-
synthesis (Schultz, 2000). Indeed, the sun-exposed canopy sides (S and
SW) contribute far to the heat balance in terraced vineyards during
daytime, especially during the ripening phase (Fig. 8). In control vine-
yards (N-S and NE-SW oriented), however, the radiation balance was
more even among canopy sides. Especially during extreme events, such
as heat waves, the effect on canopy sides may differ due to row orien-
tation. Response of treatments to heat waves in summer are indicated in
Figs. 2 and 3 (letter “H™). Especially at the crucial development stages of
anthesis and during berry ripening, grapevine yield is sensitive to
extreme temperatures due to a negative impact on fruit set and inhibi-
tion of berry growth (Moriondo and Bindi, 2007). There was no clear
effect visible of minimum temperature on treatment (P < 30 %), since
night temperatures were less increased compared to day temperature.
Control vines were more disadvantaged by heat waves, i.e. affected by
exposure to higher temperatures, than terraced vineyards, especially in
N-S oriented vineyard rows (Fig. 3). An increase in number and higher
intensity of heatwaves has been reported, leading to an increase in fre-
quency of sunburn observations in Europe (Gambetta et al., 2020).
However, even though S- and SW-exposed canopy sites of vines planted
in a terraced vineyard were almost fully exposed all day during
midsummer, W- an NW-facing canopy sides (control) showed higher
incidences and severity of sun burn damage (data not shown). This
might be due to a more constant irradiation (Fig. 7), thus a better
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adaption of the grapes grown on terraces (Gambetta et al., 2020). West
sides of canopies usually face the highest temperatures during the day,
both in northern- and southern hemisphere, leading to higher sunburn
damage compared to other row orientations (Webb et al., 2010).
Depending on row orientation as well as the conditions of steep slopes
changed temperature and light regime cause an alteration in berry
composition and secondary metabolite profile.

6. Conclusion

The choice of row orientation in steep slope sites has a crucial impact
on temperature parameters. Despite small differences in minimum
temperatures, the analysis showed reliable results for higher tempera-
tures in terraced vineyards during night. Differences in daily mean and
maximum temperature as well as temperature amplitude were higher
for vineyards planted in line of the greatest slope, most pronounced for
N-S oriented vineyard rows. In general, differences between treatments
increased with a rise in daily sum of global radiation at calm wind.
Measurements of diurnal solar light distribution and light interception at
bunch zone height showed differences between treatments and espe-
cially in autumn more favourable light conditions for terraced vineyard
sites. In addition to economic considerations, changes of row orienta-
tion, through vineyard terracing, should be recognized as a possible tool
to mitigate future environmental impacts on steep slope sites.
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Abstract: Row orientation, among others, is a crucial factor in determining grapevine performance
and health status, thus affecting berry components that form the basis of the later wine profile.
However, the literature about the impact of changes in row orientation at steep slope sites on
grapevine fruit composition as well as the differentiation between canopy sides hardly exists. Thus,
the aim of this work was to gain knowledge about the impact of row orientation in steep slope
vineyards on selected primary and secondary metabolites in berries of Vitis vinifera L. cv. Riesling.
Samples were taken from both canopy sides of different row orientations of terraced and downslope
vineyards in steep slopes. Free amino acids in the juice and flavonols in the berry skin had a positive
correlation to sunlight exposure. Furthermore, grapevines showed adaptations to constantly higher
light conditions, e.g., physiologically in reduction in chlorophyll content or protective mechanisms
resulting in a lower susceptibility to sunburn damage. Thus, grapevine fruit parameters are affected
by row orientation change in steep slopes.

Keywords: terraced vineyard; berry quality; canopy microclimate; cluster exposition; amino acids;
polyphenols

1. Introduction

Content and composition of primary and secondary metabolites present in pulp, skin
and seeds of grapevine berries significantly determine wine quality. Furthermore, plants
primary metabolites (e.g., sugars, organic acids and amino acids) are crucial for vegetative
and generative growth, whilst secondary metabolites (e.g., phenolic, pigment and aroma
compounds) play an important role in environmental interactions, e.g., adaptation to biotic
and abiotic stressors.

The exposure of grapevine berries to solar radiation and high temperature bears
the risk of sunburn and crop damage [1], but is also known to alter the amount and
composition of antioxidative substances, which are important for palatability and are
valuable for consumers’ health [2]. The ongoing change in climate may, therefore, not only
impact the suitability of grapevine cultivation in some regions and its performance, but
also berry quality parameters and thus traditional wine profiles [3].

Lately, research was conducted on Vitis vinifera L. cultivar Riesling, the leading cultivar
for high quality white wine production in Germany and other countries worldwide [4].
Friedel et al. [5] showed that the expression of monoterpene and flavonol metabolic genes
in Riesling berries were up-regulated by bunch exposure to sunlight. Further studies
confirmed the effect of cluster exposure on the alteration of phenolic substances of berries
of the same variety. Sun-exposed bunches resulted in about 50% higher phenolic concen-
trations on average [6], while shading reduced total phenolics significantly by 43% and
56%, compared to different defoliation means [7]. An increased exposure to UV-B radiation
resulted in a decreased content and an altered composition of amino acids in Riesling [7,8],
whereas no differences were detected in other grape varieties [9-11]. The concentration
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and composition of certain amino acids is not only associated with the amount of sunlight,
daytime and photosynthetic activity of the plant [12], but also depends on grapevine
cultivar [13], tissue [14] and origin [15].

Furthermore, the degree of bunch exposure to sunlight is known to affect aroma
precursors and compounds of grapes [16]. The impact of natural shading through row
orientation on norisoprenoid levels in Riesling was studied in South Africa [17]. Marais
et al. [17] found significantly higher norisoprenoid precursors in berries matured under
sunlit conditions compared to bunches ripened on the shaded side of the canopy. Since
the expression of several aroma compounds in Riesling found to be light dependent [5],
it seems that a minimum exposure of above 20% ambient light is necessary for a positive
response of monoterpenes [18]. However, the 20% light intensity threshold also applies for
the formation of undesired norisoprenoid TDN (1,1,6-trimethyl-1,2-dihydronaphthalene)
and its precursor Riesling acetal [19,20].

A change in row orientation, particularly under steep slope conditions, modifies light
microclimate in the vineyard [21,22], which affects the diurnal pattern of grapevine canopy
temperature, bunch zone light interception [23] and photosynthetically active radiation [24].
Energy input into a vineyard increases with the degree of slope and may result in 30 to 40%
higher solar energy intake compared to flat vineyard sites [25,26]. Hence, row orientation
changes at steep slopes, i.e., by carving terraces into the slope, affect bunch zone light
interception considerably [23].

The aim of this study was to determine the effects of different irradiation conditions
on the composition of selected fruit parameters of Riesling grape berries by separating the
berry exposition from both canopy sides of different row orientations in two steep slope
vineyard systems, i.e., terraced and downsloped vineyards.

2. Materials and Methods

In 2019 and 2020, data were collected in the Rheingau wine-growing region on
V. vinifera L. cultivar Riesling. Three vineyard pairs, each consisting of a vineyard ac-
cording to the standard cultivation method of vines planted downslope (control, C) and a
terraced vineyard system (T) were selected. The down-sloped vineyard site Geisenheimer
Rothenberg (GM) represented the N-S row orientation, while the terraced treatment was
aligned from E to W. At the sites Lorcher Eisersgrube (LE) and Lorcher Sesselberg (LS) row
orientations adapted to the Rhine river-dependent orography. Hence, control vineyards
were NE-SW-oriented while terraced vineyards were planted in NW-SE direction. The
vines were trained using vertical shoot positioning (VSP), with a single guyot comprising
6-8 buds per m?. Row spacing ranged from 1.4 m to 2 m among the control treatment and
1.8 to 2.3 m on terraces, depending on vineyard age and feasibility to mechanization. Vine
space ranged from 1 m to 1.2 m in down sloped vineyards and 0.6 m to 0.7 on terraces.
Detailed weather conditions can be found in Table S1 and are displayed in Figure S1.
Further information on the experimental setup was previously described [23].

2.1. Berry Sampling and Processing

At grapevine development stage E-L 38 (berries harvest-ripe [27]), three replicates of
one hundred to two hundred healthy berries were randomly collected from each side of
the canopy for berry maturity analyses.

For berry skin polyphenol analyses three replicates of twenty berries per sample were
cut with the pedicel, flushed with CO, and immediately frozen in liquid nitrogen. Samples
were stored at —80 °C until further processing.

2.1.1. Berry Juice Analyses

Berries were pressed twice at 0.6 MPa for approximately two minutes (Longarone
85, Eis System GmbH, Norderstedt, Germany), interrupted by a manual crumbling. The
obtained juice was centrifuged for five minutes at 7830 rpm and 20 °C (Eppendorf 5430
R, Hamburg, Germany) and filtered coarsely (33/N). After a second centrifugation step
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at 14,000 rpm for five minutes, the yeast assimilable x-amino nitrogen content was deter-
mined by a spectrophotometer (Specord 50 plus, Analytik Jena, Jena, Germany) using a
N-Acetyl-L-Cysteine/ophthaldialdehyde (N-OPA) assay [28]. Total soluble solids (TSS),
total titratable acidity (TTA), malic acid (MA) and tartaric acid (TA) were analysed by
Fourier-transformed infrared spectroscopy (FTIR) via a FT2 Winescan spectrometer (FOSS,
Hillered, Denmark) using an in-house grape must calibration. Amino acid spectrum was
obtained using an automatic amino acid analyser 5433 (Sykam Chromatographie Vertriebs
GmbH, Fiirstenfeldbruck, Germany) according to the protocol of Krause and Lohnertz [29].
The separation of amino acids from the juice occurred at a cation exchange separation
column via the distinctive isoelectric point of each individual amino acid, aided by a
lithium citrate buffer (pH 2.2). Amino acids were qualitatively measured by the retention
time. During post column derivatisation, the amino acids were labelled with the reagent
ninhydrin at a temperature of 130 °C. An UV/VIS-detector measured the primary and
secondary amino acids quantitatively at 570 nm and 440 nm, respectively. All data were
transformed from content to concentration (i.e., content per gram berry fresh weight).

2.1.2. Berry Skin Polyphenol Analysis

Frozen berries were peeled under CO, atmosphere. Berry skins were freeze dried,
ground and desiccated until further processing. Phenolic compounds were then extracted
by acidified acetonitrile under SO, protection prior to vacuum distillation. The polypheno-
lic extracts were analysed by an UHPLC system (UltiMate 3000, ThermoFischer, Dreieich,
Germany) coupled to a UV/VIS diode array detector (Vanquish, ThermoFischer, Dreieich,
Germany). Additionally, samples were measured by a LXQ mass spectrometer (Ther-
moFischer, Dreieich, Germany). Then, 3 uL sample volume were injected at a flow rate
of 250 pL min~! into a 150 x 2 mm (inner diameter) 3 um Luna 3u C18 100 A column
(Phenomenex, Aschaffenburg, Germany) for chromatographic separation. Flavanols, phe-
nolic acids and flavonols were detected at wavelengths of 280 nm, 320 nm and 360 nm,
respectively. The identification of the peaks was based on HPLC retention time, the UV
spectra and mass spectral data. External calibration curves were used for quantification.

Elution conditions were: solvent A was 2% acetic acid; solvent B was acetonitrile/
water/acetic acid (50:50:0.5; v/v/v). Gradient elution was applied: 0-20 min from 96-50%
solvent A, 4-50% solvent B, 20-23.1 min to 100% B; washing with 100% B for 2 min before
re-equilibrating the column. The following mass spec conditions were used: ESI source
voltage —3.00 kV during negative and +5.00 kV during positive ionization mode; capillary
temperature 275 °C; collision energy for MSn-experiments 35% (arbitrary units). A table
containing all standard sources is presented in the supplementary material (Table S3).
Where no standards were available, substances were quantified using the calibration for the
closest phenolic relatives (caftaric acid as caffeic acid; fertaric acid as ferulic acid, coutaric
acid and p-CGT as coumaric acid) [7].

2.2. Canopy Density Measurements

Point Quadrat Analysis [30] was conducted at flowering, onset of ripening and at
harvest to obtain additional information on bunch zone light conditions. Data was collected
by inserting a thin metal rod into the canopy along a measuring tape. Distance between
insertions was 20 cm. One hundred insertions were made within four replicates. Leaf layer
number (LLN), percentage of interior clusters (PIC) and percentage of interior leaves (PIL)
were calculated from recordings of contact with leaves and clusters, according to Smart
and Robinson [30]. The data is presented in the Supplementary Material (Table 54).

2.3. Cluster Light Interception

Cluster light environment was measured via dyed triacetyl cellulose strips (OptoLeaf
R-3D, Taisei-Environmental & Landscape Group, Tokyo, Japan). A grid (1 m x 0.3 m)
equipped with fifteen light sensitive films (LSF) was placed in front of either canopy sides,
both sunlit and shaded, at bunch zone height (0.7 m to 1 m) at all experimental sites in 2019
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and 2020 during same time intervals at flowering (LSF_f), onset of ripening (LSF_o) and
berries harvest-ripe (LSF_h). Film fading values were converted by calibration curves via
regression equations obtained from a nearby weather station, maintained by Hochschule
Geisenheim University (49°98'4” N; 07°95'44” E) [23]. The data were used as additional
quantitative parameter in principal component analysis to incorporate environmental data,
which is an important driver of grapevine fruit quality. The data are presented in the
supplementary material (Table S5).

2.4. Leaf Nutritional Status

A functioning photosynthesis apparatus is important for plant growth in general
and is determining for yield and berry quality in grapevine, since assimilated carbon is a
key element in organic structures such as carbohydrates, amino acids or polyphenols. A
chlorophyll-meter (Dualex 4 scientific, Force-A, Orsay, France) was used for leaf chlorophyll
measurements at two dates (flowering and bunch closure). The optical chlorophyll index
(Chl;) was obtained by measuring the abaxial and adaxial side of three leaves per canopy
side on three selected and labelled shoots of six randomly selected vines of each treatment
and site. Leaf position and leaf age was considered similar due to measuring at comparable
internode lengths. The Chl; index is recognized to perform well as a proxy for leaf nitrogen
content [31].

2.5. Scoring of Sunburn Damage

Subsequent to a row of heat days (i.e., daily maximum temperatures >30 °C), sunburn
damage was assessed in both years of 2019 (01.08.) and 2020 (13.08.). Four hundred grape
cluster per vintage, site, treatment and canopy side were evaluated following the seven
steps assessment scheme of EPPO guideline 1/031(3) [32], in order to evaluate reactions of
clusters exposed to different light regimes under extreme environmental conditions.

2.6. Statistical Analyses

Principal component analysis (PCA) was used for exploratory data analysis of berry
ingredients to examine the associations between individuals and variables and to detect

main components for later analyses. Data were checked for correlations and auto scaled
xi—mean(x

(ie., T)())' PCA was performed using R packages FactoMineR [33] for conducting and
factoextra for visualization. All analyses were implemented within the RStudio environment
(v1.4.1106 (11 February 2021)).

Pairwise multiple comparison via Student-Newmann-Keuls test (significance level of
o = 0.05) was applied subsequent to one-way analyses of variance (ANOVA) conducted
on data of berry juice (harvest parameters and amino acids) and berry skin (polyphenol
analyses) as well as Chl; measurements for the factor exposition. Subsets were divided
into single vintages and in case of Chl; measurements into development stages. All data
sets were tested for homoscedasticity of variance via Levene test and checked visually for
normal distribution of residuals.

Sunburn data were analysed via a non-parametric Kruskal-Wallis test. Results were
compared post hoc via Dunn’s test (Bonferroni-adjusted, significance level of o = 0.05).

Statistical analyses were conducted using R packages agricolae [34], car [35] and
multcomp [36].

3. Results

Principal component analysis explained approximately 65% of total variance. In total,
72 individual samples and 54 variables (i.e., six technological juice parameters, 28 amino
acids and related derivates as well as twenty polyphenolic compounds) were analysed by
principal component analysis. Additionally, thirteen quantitative variables (i.e., cluster
light environment data, canopy density parameters and berry weight) were added. The
best distinguishing factor for the individual samples was (bunch) exposition. The score plot
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Samples/Score plot

Dim2 (22%)

(Figure 1A) illustrates the individual samples grouped by exposition. Figure 1B displays
the variables with the highest contribution.
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Figure 1. Principal component analysis. (A) Score plot of individuals. Dots represent individual samples and dot

colour indicates bunch exposition. Big dots show the mean of sample group, ellipses represent 95% confidence interval.

(B) Loadings plot of variables. Black labels show analysed berry parameters (concentrations). Green labels represent

supplementary quantitative data. BW = berry weight, LLN = leaf layer number, PIC = percentage of interior clusters,

PIL = percentage of interior leaves (_f = flowering, _o = onset of ripening, _h = harvest-ripe), LSF = bunch zone radiation

energy interception, GABA = y-aminobutyric acid, gal = galactoside, glc = glucoside, rut = rutinoside, GRP = grape reaction

product, Kmp = kaempferol, Que = quercetin.

SW-exposed canopy sides were characterized by a positive coordinate on the first
dimension (Dim1) and the second dimension (Dim2) axes (Figure 1A). SW exposition
of terraced vineyards showed high association with amino acid concentrations and low
values of berry weight, procyanidin B1 and PIC (Figure 1B). Whereas S-exposed berries
showed a strongly negative association with Dim1 (Figure 1A), thus low levels of amino
acids. Dimension 2 opposed individuals of S- and SW-exposition (strong positive correlated
to the axis) to individuals of N- and NE-exposition (strong negative relationship to the
axis). A positive association to Dim2 related to bunch zone sun light interception (LSF)
and flavonols.

Distance between sunlit (i.e., S, SW) and shaded (i.e., N, NE) sides of terraced vine-
yards (Dim2), but also between row orientations, in particular of terraced vineyards (Dim1),
and exposition, was apparent. The canopy sides of control vineyards (E, W, NW, SE) scat-
tered around the centre with a small negative association to Dim1. The W- and SE-exposed
berries showed a trending positive association to Dim2 (Figure 1A), demonstrating their
higher share on daily radiation compared to the E- and NW-facing canopy sides.

3.1. Berry Composition

To evaluate the effect of irradiation, harvest-ripe berries were picked from the different
canopy sides and analysed separately.

3.1.1. Berry Juice Composition

Analysed parameters of juice obtained from harvest-ripe berries showed similar trends
between the two vintages 2019 and 2020 for sites with the row comparison of NE-SW and
NW-SE (sites LE and LS). Control vineyards achieved higher contents of total soluble solids
and berry weight compared to the terraced treatment, resulting in a lower concentration of
TSS (Table 1). The highly sun-exposed canopy sides W and SE showed the highest Brix
values per gram berry weight.
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Table 1. Berry maturity parameters (mean + standard deviation) of Riesling juice obtained from harvest-ripe berries in 2019 and 2020, separated by canopy sides of each treatment (control

= C, terraced vineyard = T). Lower case indicates results of Student-Newmann-Keuls test. Different letters show significant differences (p < 0.05) between canopy expositions in respective

vintage for every site. GM = Geisenheimer Rothenberg, LE = Lorcher Eisersgrube, LS = Lorcher Sesselberg, TSS = total soluble solids, TTA = total titratable acidity, N-OPA = yeast

assimilable nitrogen. Table shows juice parameter content per gram berry fresh weight.

Vintage Site Treatment Exposition TSS (°Brixg~1)  TTA(gL-1g™1) T(;“L‘f‘f ;‘1‘)‘1 ?gf{‘l ‘;E‘f: pH N-OPA (gL-1g-1)  Berry Weight (g)
2019 GM C E 2250 + 044 a 1200 £067a  946+052a 318+£020a 290+ 000b 60.06 +3.97b 0.88 £ 0.02¢
2019 GM c w 2257 £045a 1049 +020b  8.63+0.14b 257+004b 30740062 7551 +7.94a 0.87 +0.01 ¢
2019 GM T N 1873 £025¢ 744 +£027d 528+012d 2374£015b  29+000b 2671 +189¢ 11240022
2019 GM T S 2012 +0.26b 824 £0.12¢ 620+£010c  226+009b 297 +£006b 3292 +£0.77 ¢ 1.02 +£0.01b
2019 LE C NW 1594 +0.14d 596 + 0.09 422+£007c  1824003c 287+006¢ 4093 +129¢ 120+ 001a
2019 LE C SE 16.65 £ 0.30 ¢ 624+ 025¢ 453+£017c  1.834£010c 290+ 0.00c 4285+ 104c¢ 118+ 0.02a
2019 LE T NE 2411 +051b 1333 4£030b  10284029b 406+020b  3.17+006b 18257 +19.8b 0.77 +£0.01b
2019 LE T SW 2822 £0.252a 1733+ 06a 139+£06la 508+007a 327+006a 30490 £33.19a 0.67 +0.01 ¢
2019 LS C NW 1919+ 0.04 ¢ 8.03 + 0.04 c 592+007c 238+00lc 293+ 0.06ab 6332 £2.25¢ 1.00 £0.00 b
2019 LS C SE 1876 £0.12 ¢ 7414007 c 557 +£006c 2194002c 30040002 56.09 £ 3.99 ¢ 1.06 4+ 001 a
2019 LS T NE 22,06+ 0.67 b 1039+ 051b  811+044b 269%014b  290+000b 113.60 + 1.72b 0.86 +0.02¢
2019 LS T SW 2526 4 0.68a 1391+£086a  11154079a 335+015a 3.00+000a 17179 £10.11a 075 £0.02d
2020 GM C E 1751 £0.08¢ 698 +£0.11a 695+£010a 093 +£007b 3.074006b 5458 £ 2.04b 114+ 001b
2020 GM C w 1877 +0.13a 718+ 0262 70940262  0.694002c 320+000a 7313 +2.16a 1.08 +0.02 ¢
2020 GM T N 17.79 £ 0.06 ¢ 713 £0.00a 642+£005b 1424005a 3.00£000c 38.11+0.75¢ 117 +£0.00a
2020 oM T 3 1824+ 037D 688 +0.15a 678+022a 093+0.02b 3.104000b 3637 + 224 ¢ 117+ 0.02a
2020 LE C NW 1453 £0.13d 465 +0.09d 409+£005d 098 +£005¢ 290+0.00b 2757 £1.1¢ 142+ 001a
2020 LE c SE 1579 + 027 ¢ 557 £ 016 c 4894014c  118+£005b 2904 0.00b 30.05 +1.91 ¢ 132 £0.02b
2020 LE T NE 1772 4£0.11b 961 +£0.22b 834+£024b 2234003a 297+006a 7695 +£2.98b 1.02 4+ 001 ¢
2020 LE T SW 19.19 + 044 a 111540662 100040592 237+014a  3.00%000a 11924 £62a 095 4 0.02d
2020 LS C NW 1558 +0.21d 521+0.15d 481+015d 095+003b 290 +0.00b 45.60 +3.70 ¢ 129+ 0.02a
2020 LS fe SE 1673 £ 034 ¢ 598 + 023 ¢ 560+£022¢c 105+£005b 3.00+000a 5065+ 297 ¢ 1224+002b
2020 LS T NE 1877 4024 b 1082+£013b  970+011b  216+003a 287+006b 98.13 + 6.48b 0.96 + 0.01 ¢
2020 LS T SW 20714043 a 13.05+£074a  12254066a 227+£012a 2904 000b 136.67 + 153 a 089 £0.02d
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Amounts of tartrate and malate were low for SE-exposed berries, resulting in lowest
amounts of total titratable acidity, along with the NW-exposed samples. Terraced vineyards
in NW-SE orientation showed the highest levels of acidity, but tended to result in the
highest pH (Table 1). The E-W-oriented terraced treatment achieved higher amounts of
total soluble solids and berry weight compared to the N-S-oriented control. TTA was
highest for control treatments in 2019, but similar between treatments in 2020. In general,
the hill-facing canopy side of the terrace (N) and the shaded side of the control vineyard
(E) showed the highest amounts of malate within this site. The juice pH mainly increased
on the W-exposed canopy side (Table 1).

N-OPA values were the highest in samples of SW- and NE-exposed berries. Here,
the more sunlit canopy side (SW) showed higher values than the hill-facing NE-exposed
side. Samples from NE-SW oriented control vineyards had lower N-OPA values than the
terraced vineyards. In N-S0-oriented vineyards, the sunlit W-exposed berries showed
higher N-OPA concentrations than E-facing samples, while both canopy sides of the
terraced treatment did not differ in their low N-OPA concentrations (Table 1).

Treatments were significantly different in amino acid concentrations (Table S6). Sim-
ilar trends among different row orientation systems were observed. In both years, the
N-S-oriented control vineyard showed higher free and total amino acid concentrations
compared to the terraced treatment (Table S6). The E-exposed berries of the control usually
showed lower free amino acid concentrations compared to the more sunlit W side of the
canopy (Figure 2). The hill- and valley-facing sides of terraced vineyards planted in E-W
orientation (N and S) showed no differences in the total concentration of amino acids.
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Figure 2. Comparison of selected primary amino acid concentrations (mg L~! g~!) obtained from
juice of harvest-ripe berries. Boxplots show the distribution of the data. Median is indicated
by horizontal line in the boxplot, mean values are represented by a black dot in the respective
boxplots. Different colors indicate different amino acids. Lower case indicates results of Student—
Newman-Keuls post-hoc test (different letters show significant differences (p < 0.05)) between canopy
exposition (E = east, W = west, N = north, S = south, SE = southeast, NW = northwest, NE = northeast,
SE = southeast) within row orientation pairs in respective vintage.

However, terraced vineyards planted in NW-SE direction contained higher amounts of
total and single amino acid concentrations compared to NE-SW oriented control vineyards
(Figure 2, Table S6). The NE-SW control vineyard often showed similar values of single and
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total amino acid concentrations of grape juice obtained from NW- and SE-exposed berries
(Figure 2, Table S6). In NW-SE-aligned vineyards (T), SW-exposed berries usually showed
higher amounts of single free amino acids compared to NE-exposed samples (Figure 2).

The proportional difference of total amino acids between SE (stronger light exposed)
and the, within the course of a day, less sun-exposed NW side of the canopy ranged between
—2.63% and 52.14%, resulting in no significant differences (Table S7). Row orientation
change to NW-SE alignment increased the differences in total amino acids to 1.8- to 4-fold
(NE) and 2.2- to 6-fold (SW), depending on the year and site. W-facing canopy sides
showed about 1.5 times higher total amino acid concentrations compared to the E-facing
side. N- and S-exposed berries (T) showed approximately half of the total amino acid
content compared to the comparative exposition E (C).

Arginine, proline and glutamine were the most abundant free amino acids in terms of
proportion (total sample averages: 25%, 19% and 12%, respectively; Table S7). Arginine
was found in high concentrations at site LE and LS in both treatments and years. Terraced
vineyards at site LE and LS showed higher concentrations for arginine and glutamine
compared to control. In turn, control vineyards planted in NE-SW direction showed higher
concentrations and share of proline (Tables S6 and S7). Proline was also higher in terraced
vineyards of E-W orientation, while arginine and glutamine were more abundant in the
N-S-aligned control vineyard. Glutamate, GABA and alanine had a maximum share of
13.5% on total amino acid concentration. Glutamate, GABA and alanine showed higher
concentrations in berries from NE-SW oriented terraces compared to control, but had a
lower share on total amino acids. Vines planted in N-S direction showed higher values in
glutamate, GABA and alanine, but the values represented a lower proportion to total amino
acid concentration compared to the E-W-aligned terraced treatment (Tables S6 and S7).

3.1.2. Berry Skin Polyphenol Content

Results of berry skin polyphenols were consistent during both years of the experiment.
Only single parameters showed a little variation between vintages. In general, catechin
and procyanidin Bl did not differ much among exposition and sites. However, control
vineyards showed a tendency of higher values for the sum of flavanols (Figure 3, Table S8).
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Figure 3. Comparison of sums of polyphenolic concentrations (mg g~!) obtained from skins of
harvest-ripe berries. Boxplots show the distribution of the data. Median is indicated by hori-
zontal line in the boxplot, mean values are represented by a black dot in the respective boxplots.
Different colors indicate different groups of polyphenolics. Lower case indicate results of Student—
Newman-Keuls post-hoc test (different letters show significant differences (p < 0.05)) between canopy
exposition (E = east, W = west, N = north, S = south, SE = southeast, NW = northwest, NE = northeast,
SE = southeast) within row orientation pairs in respective vintage.
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At site GM, the W-exposed berries showed highest amount of fertaric acid and caffeic
acid in 2020, while N- and NE-exposed berry skin extracts showed the lowest values
consistently. Nevertheless, differences in results of total hydroxycinnamates were not
consistent between the years (Table S8).

Flavonols were highest for berries harvested from the valley-facing sides of the ter-
raced vineyards (S and SW). SE- and NW-exposed samples from the control vineyards did
not differ, while W-exposed berries tended to have higher flavonols and sum of phenolic
content compared to those exposed to the east (Figure 3, Table S8). In essence, the more
sun-exposed canopy sides showed the highest values in sum of phenolic content of the
berry skin (Figure 1A,B and Figure 3).

3.2. Leaf Nitrogen Content

Significant differences (p < 0.05) were found for leaf Chl; measurements between
expositions on each measurement date (Figure 4). Single canopy sides did not always reach
optimum Chl; content [31] during the three years tested. Mainly NW- and SW-exposed
canopy sides, but also S- and W-facing leaves showed the lowest, and often insufficient,
leaf Chl; values.
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Figure 4. Leaf chlorophyll content (itg cm~2) measured at development stages flowering and
bunch closure in 2019 (A,B), 2020 (C,D) and 2021 (E,F). Violins show the distribution of the data.
Median is indicated by horizontal line in the boxplot, mean values are represented by a black
dot in the respective boxplots. Different colours represent different canopy expositions. The grey
background shows approximated optimum range [31]. Lower case indicate results of Student—
Newman-Keuls post hoc test (different letters show significant differences (p < 0.05)) between canopy
exposition (E = east, W = west, N = north, S = south, SE = southeast, NW = northwest, NE = northeast,
SE = southeast) in respective vintage and development stage for N-S/E-W and NW-SE/NE-SW
row orientations.

Results of Chl; measurements were different for the respective canopy side compar-
isons between the vintages. Chl; content increased in N-S (control) and E-W (terraced)
oriented rows from flowering to bunch closure in all years. The Chl; content of the control
vineyard was higher compared to the E-W-oriented terraced treatment (Figure 4A, C),
while in 2020 there was no difference between treatments. In 2021 Chl; values were highest
for the observed canopy sides. Again, control vineyards tended to show higher leaf chloro-
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phyll content compared to the terrace, mainly due to high mean value of E-facing leaves
(Figure 4E).

NW-SE oriented terraces showed higher Chl; values at flowering compared to the
control vineyards planted in NE-SW direction (Figure 4B,D). In 2021, data were less clear
due to high Chl; levels in SE-exposed leaves (Figure 4F). At bunch closure, the NE-SW
aligned control vineyard tended to have a higher mean leaf Chl; content. In general, less
sun-exposed canopy sides (E, N, NE, but also SE) showed higher Chl; values compared to
their sun-exposed equivalents, which had a higher sun exposition during the afternoon
and early evening (S, W and NW and SW).

3.3. Sunburn Damage

The results of sunburn-damaged grapes are shown in Figure 5. In general, sunburn
damage was higher in 2019 compared to the vintage of 2020.

GM LE s
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Figure 5. Post-heat wave sunburn damage scoring for vintages 2019 and 2020 for three different sites
(Geisenheimer Rothenberg = GM, Lorcher Eisersgrube = LE, Lorcher Sesselberg = LS). Treatments
are separated by the vertical dashed line. Violins show the distribution of the data (n = 400). Median
is indicated by the horizontal line in the boxplot, mean values are represented by black dot in the
respective boxplots. Different colours represent different canopy expositions. Lower case indicate
results of Dunn’s test (different letters show significant differences (p < 0.05)) between canopy
exposition (E = east, W = west, N = north, S = south, SE = southeast, NW = northwest, NE = northeast,
SE = southeast) at the respective site, vintage and development stage for N-S/E-W and NW-SE/NE-
SW row orientations. Definition of sunburn severity classes: 1 = no disease; 2 = < 5%; 3 = 5-10%;
4 =10-25%; 5 = 25-50%; 6 = 50-75%; 7 = > 75% (according to EPPO guideline PP 1/031(3)).

At the site GM, the W-exposed side of the canopy showed a significant higher severity
of sunburn damage on the grapes compared to the E-exposed side of the same canopy
or any canopy side of the terraced vineyard (Figure 5). However, the during the day
constantly irradiated valley facing side of the terrace (S) did not differ from the shaded
canopy sides facing N or E.

In both years, control vineyards planted in NE-SW direction showed higher incidences
of sunburn-damaged grapes compared to terraced vineyards in NW-SE alignment. The
most affected treatment was the control with its NW-exposed canopy side, followed by
the sunlit SE-exposed canopy side (Figure 5). Small sunburn incidences were observed
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at SW-facing canopy sides of terraced vineyards, in spite of higher energy input. The
hill-facing NE-exposed canopy side was not affected by sunburn damage.

4. Discussion

Recent research described the microclimatic conditions of two management systems
with different row orientations in steep slopes [23]. It was found that daily temperature
parameters were generally higher in steep slope vineyards planted downslope compared
to terraced vineyards, especially for N-S row orientations, except for daily minimum
temperature. While the valley-facing sides of terraced vineyards showed the highest light
interception values at bunch zone height, canopy sides of downslope aligned vineyards
were more balanced in sun exposure [23]. Grapevine fruit quality crucially depends on mi-
croclimate, mainly described by berry exposition to the sun [37]. Slightly excessive light and
temperature leads to metabolic protective mechanisms, e.g., accumulation of phenolics or
heat shock proteins, known to alter later wine quality [38-40]. Previous research conducted
on flat vineyards focused on differences in microclimate [41,42], physiological behaviour of
the grapevine [43,44] and its effects on fruit parameters [45,46] and wine [47—49] in respect
to row orientation changes, further considering differences in canopy sides. However, to
our knowledge, literature about the impact of row orientation on steep slopes on grapevine
fruit composition as well as a differentiation between canopy sides is not available. Thus,
data presented in this work will help to understand the role of quality determining factors
such as row orientation and its impact on primary and secondary metabolites of V. vinifera
L. cv. Riesling in steep slope vineyards.

4.1. Berry Parameters

It needs to be considered that vineyards were cultivated by different wineries with
individual schedules of vineyard management. Despite the renunciation of fertilizers dur-
ing the experimental years, an influence of the vineyard management cannot be excluded,
i.e., by different timing of, e.g., soil or canopy management. Nonetheless, applied means
followed the common practice and is partly owed to the management system itself.

Beyond this, a clear distinction of canopy sides, row orientation and treatments was
shown by the principal component analysis (Figure 1A).

4.1.1. Berry Juice Parameters

Related to berry weight, total soluble solid values were always the highest in SW-
exposed berries and higher in S- and W-exposed berries compared to N- or E-facing berry
samples (Table 1). This is based on a concentration effect, coinciding with smaller berries
due to higher light exposure [50]. The concentrations of organic acids were usually highest
in terraced vineyards planted in NW-SE direction and were also generally higher for small
berries, predominately from well-irradiated canopy sides, e.g.,, W and SW (Table 1).

The yeast assimilable nitrogen content, expressed as N-OPA, was generally low in
both years, due to multiannual drought stress of previous seasons 2017 to 2019. A sufficient
provision of yeast assimilable nitrogen, e.g., ammonia and primary amino acids, may
not necessarily lead to more aromatic wines [51], but guarantees growth of Saccharomyces
cerevisige and a successful fermentation [52]. The concentrations of N-OPA and amino acids
varied between treatments of different row orientations. In both years, differences between
sunlit and shaded canopy sides existed at each site within the same vineyards and the same
row orientations (Table S6). Total amino acid concentrations were always significantly
higher in W-exposed berries, compared to those picked from the E-exposed side of the
control canopy. Additionally, grape berries harvested from the valley-facing side (SW)
of NW-SE oriented terraces showed significantly higher total amino acid concentrations
compared to the hill-facing NE-pendant. Beside the fact that no differences were found
among total amino acid concentrations in the comparison of N- to S-facing berries on
terraces or NW- to SE-exposed control berries (Table S6), juice from sun-exposed berries
showed higher amino acid concentrations compared to those derived from shaded berries.
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This is in contrast to earlier studies on Riesling relating the inhibition of amino acid
synthesis to sunlight UV-B [7,8,11], but is in accordance with the findings in other grapevine
cultivars [9,14]. Bunch zone leaf removal decreased amino acid concentration significantly
in Sauvignon blanc [53]. The application of leaf removal on the shaded, i.e., less sunlit,
side of the canopy is a common practice in viticulture to enhance aroma precursors and
to prevent diseases. Bunch zone leaf removal may lower amino acid concentration due
to a reduction in source leaves. In 2019 leaf removal was applied moderately at site GM
at both treatments (C and T) on the shaded sides of the canopy (E and N, respectively).
Whilst the E-facing berries of N-S-oriented rows showed a significant decrease (—28.5%)
in total amino acid concentration compared to the more sunlit, non-defoliated, W-side of
the canopy, there was no difference between the canopy sides of the E-W-oriented terraced
vineyard (Table S6). A higher number of leaf layers (LLN, Table S4) may explain why
the highly sun exposed S-facing canopy side of the terrace did not differentiate from the
hill-facing N-side. Solar radiation is highly absorbed by single leaf blades, leading to an
effective shading of subjacent leaves or clusters [30]. However, during berry ripening,
the maximum temperature of both canopy sides of E-W-oriented vineyards coincide in
the early afternoon [23], leading to the assumption that the contradictory role of UV-B on
amino acids may play a subordinated role to temperature. Another possible explanation
might be the compensation capacity of grapevines shown after defoliation treatments, by
which photosynthetic activity is regained theoretically [54]. LLN was low at the SE-facing
side of the canopy (Table S4). During the day, radiation may have penetrated the porous
canopy side and warmed up NW-facing clusters. S-, W- and SW-canopy sides constantly
showed warmer temperatures during the day, while SE- sides of control vines are just
slightly more favoured by sunlight than the NW-sides [23]. Leaves shading the clusters may
reduce excessive heat leading to a more favourable condition for amino acid accumulation
in the berries. Nevertheless, Arrizabalaga-Arriazu et al. [55] found a tendency to the
reduction in total amino acid concentration at maturity for a temperature difference of
4 °C compared to ambient environment, whereas the relative abundance of aspartates,
shikimates, phosphoglycerates and pyruvates was increased. However, results of the study
showed high standard errors, reducing the significance. GABA, proline and their precursor
glutamate were increased in berries of heated vines [56] and were attributed to warm
growing seasons [57]. Same amino acids were also elevated in samples from commonly
warmer N-S-oriented control vineyards and terraces in NW-SE orientation in this study,
where highly exposed SW-canopy sides reached high maximum temperatures [23]. It was
suggested, that GABA plays a role as a protective against UV-B-induced oxidative stress in
grape berries [11]. Furthermore, amino acid biosynthesis of several amino acids was up-
regulated under drought stress conditions [58,59]. Proline, leucine, isoleucine, and valine as
well as serine and tryptophan were elevated for highly exposed S- and SW-facing canopies
(Figure 2). Therefore, it can be concluded, that highly sun-exposed berries responded to
the stressors of light and high temperatures, possibly accompanied by drought stress, by
accumulating some of the defence-related amino acids.

Contrarily to others [38,60], samples derived from elevated temperature and high light
influenced SW-sides of the canopy were high in above mentioned amino acids, but also
showed high values of malate (Table 1). Commonly, low berry malate content is attributed
to high temperature exposure post-véraison [61,62]. However, Sweetman et al. [56] found
that berries exposed to higher temperatures post-véraison decreased in malate content,
but did not change when minimum temperatures were also elevated. Higher values of
malate from berries of the highly sun-exposed SW side of the canopies may be explained
by generally higher night temperatures in terraced vineyards [23].

4.1.2. Berry Skin Parameters

Flavonols showed a strong correlation to light exposure (Figure 1B). Pieri et al. [46]
defined a positive relationship between incoming solar radiation at berry scale with the
total amount of berry skin flavonols. Flavonols were proposed to be an adequate indicator
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for differences in light microclimate [40,63]. Martinez-Liischer et al. highlighted the corre-
lation between Que-3-glc and Kmp-3-glc with the summed amount of UV-B received by
Tempranillo clusters [11] and Friedel et al. [7] found no increase in quercetin glucosides in
shaded Riesling clusters. In this study, those two flavonols were lowest in sunlight-reduced
expositions of the terraced canopies (namely N and NE; Table S8), where the canopy light
regimes are only one fifth of global radiation [23]. No clear effect of cluster exposition could
be attributed to the sum of flavanols and total hydroxycinnamates (Figure 3), but caffeic
acid and fertaric acid tended to be higher in more sunlit samples, approving previous find-
ings [5-7,38]. The opposed behaviour of flavonols and hydroxycinnamates was also shown
by Reshef et al., who highlighted the importance of canopy side and berry orientation on
grape berry metabolic composition due to light intensity levels [38,60]. While polyphenols
play a major role in red wine production, too high concentrations in juice and wine of
white grape cultivars may be detrimental to consumers’ perception. Therefore, cluster
exposure to high light intensities and temperature must be well considered concerning
desired wine style. Furthermore, berry health usually benefits from light exposure, but
berries are vulnerable to solar heating resulting in loss of berry mass and quality or sunburn
damage [1,64].

Sunburn is the physiological disorder which occurs on berries after the exposure of
intensive irradiation by sunlight, due to high UV radiation and excessive temperature [1].

Sunburn scoring data clearly showed, that the during the afternoon exposed canopy
sides (i.e., W and NW) of a grapevine are more prone to damage compared to berries
growing in less sunlit locations of the plant, i.e., E, N and NE, (Figure 5). Interestingly,
the most sun-exposed canopy sides (S and SW) did not differ from their shaded equiv-
alent (i.e., N and NE). Several authors pointed out the importance of row orientation
and, thus, exposition, on grape sunburn damage due to high irradiation of the afternoon
sun [1,65,66]. Apart from this, grapevines are able to acquire berry protection due to several
mechanisms [1]. Light induces photo-protective mechanisms, including the metabolism of
phenolic components [5,67] or heat shock proteins [68,69], both relying on sufficient amino
acid resources, e.g., phenylalanine. Phenylalanine was high in exposed S-, W- and SW-
berries (Table S6). The role of phenylalanine in secondary metabolite biosynthesis is crucial,
due to its key role in the phenylpropanoid pathway [70]. Furthermore, phenylalanine is
explicitly rate-limiting for some secondary metabolites in grapevine, e.g., quercetins [71].
Samples high in the amino acid phenylalanine were also high in flavonols, such as several
quercetins (Tables S6 and S8). While SW-exposed samples showed the highest concen-
trations of stress responding amino acids (Table S6), S-facing berries showed the highest
values of sun-screening flavonols (Table S8). The increased incidence of sunburn on W-
and NW-facing clusters was also promoted by the wave angle of sunbeams. The lower sun
position leads to a more directed warming of the clusters, which does not affect S-facing
canopy sides during noon, when sun’s zenith is reached. Consequently, row orientation
changes successfully prevented sunburn damage (Figure 5).

4.2. Leaf Nitrogen

Light stimulates aboveground growth of the grapevine [72]. A higher exposed leaf
mass under non-limiting growth conditions benefits carbon assimilation. However, exces-
sive light conditions bare the risk of damaging proteins and the light harvesting pigments
of the photosynthetic system [73]. High irradiation of leaf tissue results in significantly
lower leaf chlorophyll content compared to shaded leaves [74,75], which was also con-
firmed for exposed canopies in this study (Figure 4). Suggested optimum values for leaf
Chl; content were seldom reached by the different canopy sites of the examined steep
slope management systems [31]. N-, E- and NE-exposed leaves showed the highest Chl;
values (Figure 4). However, under humid conditions of 2021, leaves of the W- and S-side
of the canopy showed optimum Chl; values. This highlights the importance of water
availability for leaf morphology and thus photosynthetically performance and can be used
as a proxy for the estimation of leaves physiological and nutritional status [76], further esti-
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mating grapevine performance [77]. In this study, however, it is not possible to distinguish
between performances of single canopy sides using Chl; content as a proxy. Although,
north-, east- and northeast-exposed canopies showed highest chlorophyll levels, shaded
canopy sides performed inferior to more sunlit canopy sides (Figure 4, Table 1). While
it is possible to influence performance of source organs [78], the partitioning of carbon
structures (i.e., sucrose and amino acids) follows physical (sink gradients) or enzymatic
regulatory mechanisms in the berry [79].

5. Conclusions

In steep slope vineyards, fruit composition was affected by a change in row orien-
tation mainly due to microclimatic effects of sunlight (i.e., irradiation and temperature).
Additionally, water supply may play a major role in nutrition availability and grapevine
performance. Whilst terraced vineyards reduce the risk of erosion and improve the infil-
tration during precipitation, not fully adapted vines suffer from water stress are likely to
be hassled further through a higher evapotranspiration demand from a higher exposed
surface of the embankments. Hence, further research must evaluate applicable methods to
improve soil water retention, grapevine root development and hydraulics in steep slope
vineyard systems.

A change in cluster exposition, as a consequence of a change in row alignment,
showed to be a viable tool to reduce the risk of sunburn. Furthermore, the differences in
fruit composition between canopy sides of terraced vineyards may be useful to achieve
different quality goals in view of climate change adaption, i.e., lower TSS or maintaining
higher acidity, by selective harvesting.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10112682/s1, Table S1: Summarized weather conditions for 2019-2021. Figure S1:
Mean air temperature (solid line) and daily rainfall (black bars) during vegetation periods (1 April
to 1 October) 2019, 2020 and 2021 in Geisenheim (Rheingau, Germany). Table S2: List of standards
used for calibration of the UHPLC and determination of grape skin phenolics. Table S3: Canopy
density parameters for experimental sites Geisenheimer Rothenberg (= GM), Lorcher Eisersgrube
(= LE) and Lorcher Sesselberg (= LS), separated by treatment (control = C, terraced vineyard = T),
exposition and different grapevine growth stages in 2019 and 2020. Table S4: Relative cumulative
solar radiation measurements (Whm~2) normalized by global radiation data of local weather stations,
separated by year for each site, treatment (C = control; T = terraced vineyard), exposition and
development stage. Table S5: Amino acid concentration (mean =+ standard deviation; mg L' g~ 1)
of Riesling juice obtained from harvest-ripe berries in 2019 and 2020, separated by canopy sides of
each treatment. Table S6: Share of single amino acid concentration on total amino acid concentrations
(%) of Riesling juice obtained from harvest-ripe berries in 2019 and 2020, separated by canopy sides
of each treatment. Table S7: Polyphenolic content (mean + standard deviation; pg g~! berry fresh
weight) of Riesling berry skins obtained from harvest-ripe berries in 2019 and 2020, separated by
canopy sides of each treatment.
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Chapter 1V: Soil water dynamics and drought stress response of
Vitis vinifera L. in steep slope vineyard systems

This chapter has been published as:

Strack, T.; Stoll, M. (2022). Soil water dynamics and drought stress response of Vitis vinifera L.
in steep slope vineyard systems. Agric. Wat. Man. 2022, 274, 107967.
https://doi.org/10.1016/j.agwat.2022.107967

Author Contributions

Conceptualization: T.S. & M.S.
Data curation: T.S.

Formal analysis: T.S.

Funding acquisition: M.S.
Investigation: T.S.
Methodology: T.S.

Project administration: M.S.
Resources: M.S.

Supervision: M.S.

Validation: M.S.

Visualization: T.S.

Writing — original draft: T.S.
Writing — review & editing: M.S.

All authors have read and agreed to the published version of the manuscript.

53



Agricultural Water Management 274 (2022) 107967

5 agricultural
‘Water Management

2

Contents lists available at ScienceDirect

Agricultural Water Management

&5

ELSEVIER

journal homepage: www.elsevier.com/locate/agwat

Check for
‘ updates

Soil water dynamics and drought stress response of Vitis vinifera L. in steep
slope vineyard systems

Timo Strack , Manfred Stoll

Department of General and Organic Viticulture, Hochschule Geisenheim University, Von-Lade-Strasse 1, Geisenheim 65366, Germarny

ARTICLE INFO ABSTRACT

Handling Editor - Dr. B.E. Clothier The accessibility to water is a crucial factor for grapevine performance in vineyards. A sufficient supply of water
favors vegetative growth, yield formation and fruit ripening. Under a changing climate, especially steep slope
wine-growing regions may face severe problems in soil moisture conservation due to oftentimes lower soil water
holding capacity and a larger radiation intake on the, usually South-facing, hill slopes, which causes a higher
evaporative demand compared to vineyards in the flat. The impact of two steep slope vineyard management
systems on water retention and drought stress response of grapevines was assessed. Soil water dynamics in the
inter-vine space of steep slope sites planted downslope (control, C) and of terraces (T) were compared. Terraced
vineyards were capable to retain up to a 40 % higher relative percentage of winter precipitation, compared to the
control. Vines in the early years of their adaption phase planted on terraced vineyards generally displayed a
higher drought stress response, showed lower vigour, lower yield and lower sugar yield. The older the terrace
system, the better the performance compared to C became. This suggests a high competition of young grapevines
to the cover cropped embankments of terraced vineyards. Therefore, means to improve root development and to
reduce water and nutrient competition in the early years of terrace construction are crucial for successful
grapevine adaptation, for the increase of resilience to abiotic stress factors and finally for the maintenance of

Keywords:

Soil moisture
Terraced vineyard
Water balance
Water budget
Abiotic stress

valuable steep slope vineyard sites for grapevine cultivation.

1. Introduction

Grapevine (Vitis vinifera L.) cultivars are well-adapted to different
climate zones around the globe. Despite its high plasticity to different
growing conditions, physiological performance of grapevines may suffer
under enhanced abiotic stress situations, e.g. drought, which may be
expressed by a reduction or a loss in photosynthetic activity (Flexas
et al., 2004; Lovisolo et al., 2010), a cessation in above-ground growth
(Vuerich et al., 2021) and, finally, in yield reduction (Gambetta et al.,
2020). Nevertheless, best vintages are yielded from vines growing under
slightly challenging environmental conditions (Blank et al., 2019; van
Leeuwen and Darriet, 2016), benefiting the accumulation of protective
metabolites, e.g. anthocyanins (Castellarin et al., 2007) or terpenes
(Savoi et al., 2016), which are desirable in wine-making. Deficit irri-
gation strategies were therefore developed, e.g. partial root zone drying
(Romero et al., 2016; Stoll et al., 2000b, 2000a) or regulated deficit
irrigation (Acevedo-Opazo et al., 2010; Chaves et al., 2010). While
various irrigation concepts are common practice in arid or new world
vineyards (Johnson-Bell, 2018), old world vineyards are usually lacking
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E-mail address: timo.strack@hs-gm.de (T. Strack).
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of infrastructure for irrigation, despite of (inter-)governmental sub-
sidies, e.g. the European Agricultural Fund for Rural Development
(EAFRD) of the European Union. Oftentimes, legal rights of an appel-
lation of protected geographical origin or vineyard infrastructure do not
allow the irrigation of sites in need, i.e. steep slope vineyards. Addi-
tionally, with a shortening of global fresh water resources or the with-
drawal of irrigation water from communal bodies (e.g. groundwater
wells or surface waters) the legitimacy of irrigation of grapes produced
for wine-making purpose has to be questioned. Alternatively, the usage
of winery waste water treatment found to be economical and environ-
mental sustainable (Canaj et al., 2021), but may not be feasible for small
wineries. Especially at steep slope vineyard sites, the access to water
plays an important role, since potential evaporation may be 0.5-0.8 mm
day™ higher during the vegetation period compared to common vine-
yards in the flat (Hofmann et al., 2014). The water consumption of the
grapevine is dynamic throughout the growing season and mainly de-
pends on the grapevine development stage, the weather conditions as
well as on vineyard geometry parameters (Hofmann et al., 2022). The
evaporative demand of the grapevine under cool climate conditions
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ranges from 350 mm to 500 mm during the vegetation period (Williams,
2014), but varies further depending on planting material, training and
management decisions (Medrano et al., 2015; Picon-Toro et al., 2012).
On that account, vineyard management alternatives are required to
meet the need of sustainable grape production at steep slope sites. Some
actions to conserve precipitation water and to reduce evaporation on
vineyard sites are ground cover (e.g. mulch or straw), shallow soil
cultivation, cover crop and the increase of soil organic matter (Buesa
et al., 2021; Gatti et al., 2022). However, steep slope viticulture is
already labour-intensive, since mechanization is limited (Strub et al.,
2021). Concepts of keeping steep slope viticulture economically viable
include the formation of terraces (Strub and Miiller-Loose, 2021).
Today, a modern kind of vineyard terraces is being constructed via a ‘cut
and fill' procedure: a caterpillar levels the first platform along the
contour of the hill and compacts the soil in this process. An excavator
forms the embankment with the tilting bucket. The caterpillar then uses
the excavated soil to build the next terrace. The embankments are sta-
bilized immediately by sowing a grass mixture afterwards. A single row
of vines is planted at 0.3 m distance from the edge of the platform.
Historically, terraces were built for agricultural purpose inter alia to
reduce physical strains and increase water retention (Tarolli et al.,
2014). Yet, evaporation of the terrace embankments account for about
one-third of the water loss of the terrace (Lii et al., 2009), resulting from
a high sun exposed surface, which further requires cover crop for sta-
bilization. Especially young vines prior to full adaptation may suffer
from the competition to cover crops. Therefore, the benefits of vineyard
terracing on soil moisture conservation and availability have to be
tested. Thus, the aim of this study was to investigate soil moisture dy-
namics in two steep slope vineyard systems, i.e. terraced and downslope
planted vineyards, to evaluate the effect of vineyard transformation and
its impact on grapevine drought stress response.

2. Materials and methods

Data sampling was conducted in the Rheingau wine-growing region
(Germany). Four vineyard pairs, each consisting of a vineyard according
to the standard cultivation method of vines planted in downslope
(control, C) and a terraced vineyard system (T), were selected (Fig. 1,
Fig. 2).

An overview of the vineyard characteristics including the V. vinifera
L. cultivars is presented in Table 1. The experimental sites comprised
vineyards of commercial wineries, which maintained their own
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Fig. 1. Locations of experimental sites comprising the control and the terraced
treatments (squares) and reference weather stations (triangles) along Rhine
River. Lettering of sites: A: GM = Geisenheimer Rothenberg; B: RB
= Riidesheimer Berg Rottland; C: LE = Lorcher Eisersgrube; D: LS = Lorcher
Sesselberg.

Source: Map data source: Google Maps Platform.
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vineyard management schemes. However, applied means were in
accordance to the Code of Good Agricultural Practice. Differences in
management are partly owed to the cultivation system itself. All data
acquired derived from subplots of the respective vineyards to ensure the
temporal feasibility of measurements and to reduce measurement errors
by spatial inhomogeneity. The main period of data collection was from
spring 2019 to winter 2020. Additional vintages (2018 and 2021) were
used to complement the data set.

2.1. Weather conditions during the experimental period

The annual temperatures of 2018-2020 were extraordinary, in
comparison to the long-term average of 1981-2010 (LTA, Table S1; data
was recorded by a weather station located at and maintained by Hoch-
schule Geisenheim University). The year 2018 was considered one of the
hottest years with an annual temperature of 12.3 °C (LTA 10.5 °C) and a
vegetation period temperature of 17.8 °C (LTA of 15.2 °C) with 1741
sunshine hours (LTA of 1300 sunshine hours). In 2019, growing season
started with hot and dry weather conditions. The mean temperature of
the vegetation period (from April to October) was + 2.6 °C higher
compared to the LTA. Each month showed higher mean temperatures
compared to the LTA, except the month of May, both in 2019 and 2020.
For 2019 and 2020 there was an annual temperature increase of
+1.3°C and + 1.7 °C, respectively. Temperatures in June and July
were higher in 2019 compared to 2020 (42.7 C and +0.9 C, respec-
tively), but spring and autumn months showed higher average temper-
atures in 2020 (April +1.6 °C, May +1.4 °C, September +1.4 °C). Little
amount of rain fell since July 2018 (rainfall deficit of —13.5 %; sunshine
hour surplus of +28 %). In 2019, rainfall was 13.3 % less compared to
the LTA and had an increase of 19 % in sunshine hours. When compared
to the LTA, precipitation was 23 % less in 2020, while the number of
sunshine hours increased by + 21 % (Fig. S1, Table S1).

On the contrary, 2021 was different compared to the previous years.
Winter months and autumn showed a slight temperature increase of
+ 0.6 °C and + 0.2 °C compared to the LTA of 1991-2020 (+1.2 °C and
40.5 °C compared to the three-decade average of 1981-2010), respec-
tively, whereas the temperature during spring 2021 was 2 °C lower
compared to the LTA of 1991-2020. The summer temperature of 2021
showed a slight increase of + 0.5 °C when compared to the LTA of
1981-2010. Precipitation was 36.3 mm lower in 2021 compared to the
LTA of 1981-2020. Rainfall was highest in the winter and summer of
2021. Sunshine hours were increased in 2021 by + 4.4 % and + 7.8 %,
compared to the LTA of 1981-2010 (Fig. S1, Table S1).

Additional information about the weather conditions in the lower
Rheingau valley are provided in the supplementary material (Table S1,
Fig. S1). Additional details about the microclimatic characteristics of the
experimental sites are provided in Strack et al. (2021). For the research
conducted under practical conditions, selection criteria were i) that on
all sites the two treatments were in the next possible proximity to each
other (to grant similar environmental conditions) and ii) that the
treatments consisted of similar planting material (i.e. variety and root-
stock; to allow comparability in regard to physiological parameters). A
difference in the vineyard age or the soil characteristics (e.g. field ca-
pacity) was accepted due to the research aim of the evaluation of
grapevine performance by a change in the management systems. Due to
terracing, planting density changes dramatically, since, additionally to
the alley width, the width of the embankment as well as the turning
plates and cross-paths have to be considered in regards to vineyard area
loss (Table 1).

2.2. Soil water monitoring

To monitor the consumption and the replenishment of soil water in
the two management systems, volumetric soil moisture content was
measured by a capacitance measurement technique (Diviner 2000,
Sentek Pty Ltd, Stepney, SA, Australia). In April 2019, at each site and
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Fig. 2. Schematic representation of the two treatments. A: Control (= C, downslope planted vineyard); B: Terraced vineyard (= T). The location of the access tubes
for soil water monitoring in the inter-vine space are illustrated by the white cylinders (dotted lines indicate the embedded tubes).

treatment, three access tubes were installed in the inter-vine space of
two vines, at the upper, the middle and the lower slope part of the
vineyard (Fig. 2). For this purpose, a metal pipe was driven into the soil
to avoid heavy soil disturbance. Access tubes were inserted and the
removed soil core from the metal pipe was mixed with water and added
around the access tube as filling material to ensure proper contact be-
tween tubes and soil. At terraces, access tubes were installed orthogonal
to the soil surface, approximately 0.3 m distanced from the edge of the
platform in the inter-vine space. At downslope planted vineyards, tubes
were installed vertically (i.e. not perpendicular to the hill slope).

Soil moisture measurements were conducted weekly during vegeta-
tion period (April to October) and biweekly post-harvest during
dormancy (November to March) from April 2019 to November 2021.
Data was assessed to a depth of 1 m in 0.1 m measuring intervals.

Data of weather stations in the next possible proximity to the
experimental sites was obtained from the Hochschule Geisenheim Uni-
versity weather station network (sensor type 3032 for air temperature
recording, rain gauge type 7052 for precipitation measurement and the
Combilog 1022 for data logging, Theodor Friedrichs, Schenefeld, Ger-
many) at the sites Lorch (50°0328"N, 7°8229”E), Riidesheim
(49°9816"N, 7°9142”E) and Geisenheim (49°9840"N, 7°9544 E).

To properly compare changes in soil moisture without an effect of
differing soil properties, the relative temporal change in soil water from
one measurement day to the following was calculated for every single
access tube. The mean of the three measurement points per treatment
and site of the consecutive measurement date was divided by the mean
of the three measurement points per treatment and site of the previous
one, respectively. Subsequently, the calculated values of the terraced
vineyards were subtracted from the respective control, i.e. (Con-
trolpate1/Controlpateo) - (Terracedpate1/Terracedpateo)-

Additionally, the water consumption of the two steep slope vineyard
systems was evaluated. The absolute change in soil water was calculated
by subtracting the mean absolute value measured at the three access
tubes previous to a dry period from the mean absolute value measured at
the three access tubes after a dry period from 19/03/2020-29/04/2020
(before grapevine was capable of transpiration) and from 20/05/
2020-03/06/2020 (when differences in vineyard water consumption
competing to cover crops were assumed to be high between the
treatments).

2.3. Plant stress indicators

To evaluate plant stress, carbon isotope discrimination was con-
ducted on grape berry juice from vintages of 2018-2021. In 2019 and
2020, pre-dawn leaf water potential was measured post-anthesis spon-
taneously at days of the year (DOY), when grapevines were assumed to
be affected by drought (i.e. after a period of dry conditions) to ensure
highest possible stress response of the grapevine.
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2.3.1. Pre-dawn leaf water potential measurements (‘¥pd)

On each of the three measurement dates during a vegetation period,
pre-dawn leaf water potential was assessed on eight leaves per site and
treatment using a pressure chamber (Soilmoisture Corp., Santa Barbara,
CA, USA), according to the technique described by Scholander et al.
(1965). Sound, non-senescent leaves were wrapped in a plastic bag,
detached from the shoot via a single cut and measured directly, by
slowly increasing chamber pressure until the endpoint, when xylem sap
became visible on the cut surface (Turner, 1988). Measurements were
conducted pre-dawn (Wpq) in close proximity to the soil moisture
monitoring tubes.

2.3.2. Berry sugar carbon isotope discrimination (51°C)

Juice samples derived from a sample of one hundred to two hundred
ripe berries, randomly picked at harvest date from each side of the
grapevine canopy within the whole subplots, respectively. Berries were
pressed twice at 0.6 MPa for approximately two minutes (Longarone 85,
Eis-System GmbH, Norderstedt, Germany), interrupted by a manual
crumbling. The obtained juice was centrifuged for five minutes at
7830 rpm and 20 °C (Eppendorf 5430 R, Hamburg, Germany) and
filtered coarsely (16 p Munktell 33/N 90 g m™2 folded filter; Ahlstrom,
Helsinki, Finland). No further juice preparation was conducted, as
suggested by Gaudillere et al. (2002). Two aliquots of 12 uL juice sample
were pipetted in a 5 x 9 mm tin capsule (IVA Analysetechnik GmbH &
Co. KG, Meerbusch, Germany) and oven-dried for 24 h at 60 °C. The
capsule was folded, pressed tightly and encased in a second tin capsule,
which was also folded and pressed. After combustion at 920 °C, carbon
isotopes were measured with the Vario Pyro Cube analyser (Elementar,
Langenselbold, Germany) coupled to a stable isotope ratio mass spec-
trometer (Elementar UK, Stockport, UK). The results are expressed in %o
VPDB standard (Farquhar et al., 1989) with reference values based on
IAEA CHS3 (sucrose; Coplen et al., 2006).

2.4. Vegetative and generative response parameters

Grapevine vegetative and generative performance is a viable indi-
cator of plant’s drought stress (Gambetta et al., 2020; Pellegrino et al.,
2005). All grapevines selected for recordings of crop and growth pa-
rameters were chosen by their appearance, i.e. healthy, in regard to
fungal diseases, and for the experimental site representative regarding
their vigour.

2.4.1. Grapevine lateral leaf area estimation

In 2019 and 2020, leaf area of lateral shoots was estimated according
to the non-destructive method of Lopes and Pinto (2005). Six vines per
vineyard were labelled in 2019 and used for repeated measurements in
close proximity to the soil moisture monitoring tubes. On each vine, one
representative shoot (i.e. healthy, fruit-baring and average-sized) was
selected visually. The leaf area per shoot was estimated considering the
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leaf area of the largest leaf (i.e. the sum of the two lateral veins of the
largest leaf) and the calculated mean lateral leaf area (i.e. the average
leaf area of the largest and the leaf area of the smallest leaf multiplied by
the number of leaves of the shoot). In this regard, a tape measure was
used to obtain the lengths of the leaf veins.

2.4.2. Pruning wood

Pruning wood fresh weights were assessed during dormancy in the
winters from 2018 to 2020. A total of thirty vines per site and treatment
were labelled in 2018 and used for repeated measurements. The fresh
weight of the pruning wood was assessed by weighing the pruned cane
and annual shoots.

2.4.3. Yield and sugar yield

Yield per vine was calculated by counting and weighing the grape
bunches of the six vines per site and treatment labelled for leaf area
estimation. To assess further grapevine performance, sugar yield was
calculated by multiplying the berry juice sugar content (g L''; measured
by fourier-transformed infrared spectroscopy (FTIR) via a FT2 Winescan
spectrometer (FOSS, Hillergd, Denmark) using an in-house grape must
calibration) with the juice yield per vine (L). The calculation was based
on a theoretical juice yield of 75 % after pressing.

2.4.4. Statistical analyses

The data was processed and visualised within the RStudio environ-
ment (v1.4.1717) using the stats and tidyverse packages. The plant stress
indicators (¥pq and 5'3C) and vegetative response parameters (leaf area
estimation and pruning fresh weights) were evaluated by the non-
parametric Mann-Whitney-U test to assess statistical differences be-
tween the two treatments at each site.

Agricultural Water Management 274 (2022) 107967

3. Results
3.1. Soil moisture dynamics in different steep slope management systems

3.1.1. Temporal development of soil moisture changes

In Fig. 3, the differences in the percentage change of soil water
content (SWC) to a depth of 1 m between treatments of every two
consecutive measurement days, are displayed.

The highest differences in the percentage change between the two
treatments could be observed in late winter/early spring, close to the
beginning of the vegetation period. At the beginning of March 2020 and
the mid of February 2021, a 30-40 % higher water storage could be
observed in the terraced treatments, compared to the control at the two
experimental sites LE and LS (Fig. 3C, D). All other measuring dates
during winter showed only a small difference in percentage change (i.e.
+5 %) between the two treatments. At site GM, there was only one date
which showed a difference in percentage change between the treatments
higher than 10 % at the end of the winter: at the beginning of February
2021, after 25 mm rain fell, the terraced treatment at site GM had a
higher increase in percentage change of soil water content from one
measurement day to the next, compared to the control (Fig. 3A). At site
RB, there was only one late winter date in 2020, when the terraced
treatment showed a higher increase in percentage change of soil water
content compared to the control. The effects of the irrigation at site RB in
the two years of 2019 and 2020 are clearly visible in Fig. 3B (dates of
irrigation are displayed by down pointing arrows). Irrigation led to high
differences in percentage change of soil water content, i.e. a higher
percentage increase for the treatment which was artificially watered and
a decrease in percentage change in the other treatment led to amplitudes
up to 40 % difference (Fig. 3B, Table S2). During dry periods, predom-
inantly in summer when soil water content was generally low, only small
differences in percentage change between the treatments were visible.
After precipitation events, water retention was higher in the terraced
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Fig. 3. Dynamic of the difference in percentage change of the soil water content of the control and the terraced treatments (solid red line) at different sites (A: GM =
Geisenheimer Rothenberg; B: RB = Riidesheimer Berg Rottland; C: LE = Lorcher Eisersgrube; D: LS = Lorcher Sesselberg) over time. Arrows display the irrigation
dates at site RB for either both treatments (black arrow), the control (blue arrow) or the terraced treatment (red arrow). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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treatments. The water depletion was similar between the treatments in
the days post-precipitation suggesting an actual accumulation of pre-
cipitation water in the soil of the terraced treatment (Fig. 3).

3.1.2. Soil moisture depletion under dry conditions

Exemplarily, the percentage change in consumption of soil water
content (SWC) in a 10 cm-interval up to 1 m soil depth during dry pe-
riods of mid-March to end of April (41 days) and mid of May to begin-
ning of June (14 days) at the four experimental sites (GM, RB, LE and LS)
is displayed in Fig. 4A and B.

During the early spring (mid-March to the end April) of 2020, the
differences in soil water dynamics (summed for a depth of 1 m) were
considerably higher compared to the later development stage of the
grapevine (Fig. 4). The dynamic of soil water changes per measurement
interval varied between the experimental sites. At site GM and LS, the
terraced treatments showed notably higher percentage changes in soil
water content for each measurement interval, compared to control.
Resulting from a high variability, the treatments at site RB did not differ
from each other. At the site LE, the change in soil moisture observed
between 50 cm and 70 cm suggests a low water holding capacity at this
range, since the percentage changes of C became less than 10 %. Like-
wise, the terraced treatment at site LE showed low water retention ca-
pacity in depth lower 80 cm.

At the end of May 2020, when vines approximately reached the onset
of flowering, differences in soil water loss became remarkably lower
compared to the former measurement period. In general, single mea-
surement intervals showed low percentage changes (approximately <
10 %) for the soil layers lower than the first 20 cm (Fig. 4).

Agricultural Water Management 274 (2022) 107967

3.2. Plant stress indicators

3.2.1. Pre-dawn leaf water potential

Drought stress, identified by pre-dawn leaf water potential measures,
increased during the summer of 2019 and 2020 (Fig. 5). In general,
control treatments showed a tendency to less negative values. Where
treatments were statistically different, vines of the control indicated less
drought stress. At site GM, no significant differences in pre-dawn leaf
water potential could be detected between the treatments during the
entire time of the experiment.

Especially at site RB, both treatments showed low pre-dawn leaf
water potential values, despite of various irrigation treatments. In 2019,
irrigation was applied rather late (Table S2), so that the vines faced a
severe water deficit (< —0.6 MPa) in the terraced treatment close after
flowering (DOY 180). Even though irrigation was applied during July,
both treatments at site RB suffered from severe water deficits, but
showed no statistical differences until mid of August 2019 (DOY 229). In
2020, irrigation means were applied at site RB after cap-fall was
completed. The amount of the supplied water per vine provided at the
single irrigation dates was rather low (C: 2.86 L vine™! to 7.14 L vine!
and T: 3.32 Lvine ! t06.63 L vine'l; Table S2), thus it was not possible to
prevent vines from high drought stress levels. At the sites LE and LS,
vines planted on terraced vineyards suffered from higher water deficits
compared to C, except at DOY 187 in 2019, where at site LS the control
showed lower ¥,q values. At site LS, differences between treatments
were not as clear as at site LE.
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Fig. 4. Percentage change in soil moisture content (%) in a 10 cm-interval up to 1 m soil depth before and after a period of dry conditions in early spring (to = 19/
03/2020 to t; = 29/04/2020; A) and close after spring frost (to = 20/05/2020 to t; = 03/06/2020; B) at different sites (GM = Geisenheimer Rothenberg; RB =
Riidesheimer Berg Rottland; LE = Lorcher Eisersgrube; LS = Lorcher Sesselberg) and treatments (C = control; filled circle and T = terraced; filled triangle). Symbols
and vertical axis display mean value of three sampling tubes, standard deviation is indicated by horizontal lines.
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Fig. 5. Pre-dawn leaf water potential measured on grapevines of different treatments (C = control, downslope planted vineyard; T = terraced vineyard; n = 8) and
sites (GM = Geisenheimer Rothenberg; RB = Riidesheimer Berg Rottland; LE = Lorcher Eisersgrube; LS = Lorcher Sesselberg) at different days of the year (DOY) in
2019 and 2020. Points show single measurements, boxplots show distribution of data. Median is indicated by the horizontal line in the boxplot, mean values are
represented by a black dot in the respective boxplots. Asterisks denote significant differences (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; n.s. = not significant) of
non-parametric Mann-Whitney-U test between treatments at one site and measurement date. Background colors indicate ranges of drought stress (white = 0 MPa to
—0.19 MPa = no water deficit; yellow = —0.2 MPa to —0.39 MPa = mild water deficit; orange = —0.4 MPa to —0.59 MPa = moderate water deficit; red =
<—0.6 MPa = severe water deficit). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2.2. Carbon isotope discrimination %0 treatments at site LS in 2020, due to high variance in data and at site RB
Vines planted on terraces generally showed a higher risk of drought in 2018 and in 2020, probably due to the irrigation management of both
stress during berry maturation, compared to the control vines (Table 2). treatments (Table S2).

An exceptional case was found for the site GM during all four years,
where downslope planted vines (control) displayed a higher, i.e. more
positive, carbon isotope ratio in the sugars of mature berries compared
to terraced vines. No statistical differences were found between

Table 2

Carbon isotope discrimination values (mean =+ standard deviation; n = 6) measured on grape berry sugar obtained from juice of harvest-ripe berries of four vintages
from different treatments (C = control, downslope planted vineyard; T = terraced vineyard) and sites (GM = Geisenheimer Rothenberg; RB = Riidesheimer Berg
Rottland; LE = Lorcher Eisersgrube; LS = Lorcher Sesselberg). Asterisks denote significant differences (** = p < 0.01; n.s. = not significant) of non-parametric Mann-
Whitney-U test between treatments at one site.

2018 2019 2020 2021
C T sign. C T sign. C T sign. C T sign.
GM -24.08 -24.50 ** -22.65 -24.40 o -18.07 -19.49 o -23.23 -23.53 o
+ 0.04 + 0.06 + 0.05 +0.06 +0.28 +0.10 +0.05 +0.05
RB -22.12 -22.12 n.s. -22.12 -21.63 o -18.49 -18.50 n.s. -20.75 -20.12 o
+0.13 +0.23 +0.04 +0.10 +0.15 +0.31 +0.14 +0.13
LE -25.73 -23.28 o -24.40 -22.08 o -19.71 -17.85 o -24.15 -21.88 o
+0.08 +0.08 + 0.06 +0.04 +0.12 +0.24 +0.05 + 0.04
LS -24.37 -23.52 o -23.05 -22.10 o -18.33 -17.97 n.s. -22.97 -22.45 *H
+ 0.05 + 0.08 +0.10 +0.06 +0.37 +0.48 +0.05 +0.05
7
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3.3. Vegetative and generative plant response parameters

3.3.1. Grapevine lateral leaf area estimation

Except the treatments of site RB, which were both irrigated in 2020
(Table S2), terraced vineyards usually showed lower vigour at the onset
of ripening (véraison) and at the development stage of harvest-ripe
berries (Fig. 6).

No statistical differences were found between the treatments at site
GM at véraison in both years and at site RB at véraison and harvest in
2020. In 2019, no significant differences were detected between treat-
ments at site LS (Table S3). In general, the number of field replicates was
rather low, which reduces the significance of the results. But the data
showed that secondary leaf area tended to be higher in downslope
planted vines of all the non-irrigated vineyards tested (Fig. 6).

3.3.2. Pruning wood

The fresh weights of winter pruning mass were always significantly
different between treatments, except in 2018 at site GM, where only a
trend was visible (Table 3). Each year tested, pruning weights per
hectare in downsloped vineyards were higher compared to terraced
vineyards.

3.3.3. Yield and sugar yield

Grapevines of terraced vineyards showed continuously lower yields
and sugar yields per vine and hectare compared to control vineyards
(Table 4). Only in 2019 at site GM, the T treatment had 8 % higher grape
yield and a 13 % higher sugar yield per vine compared to control.

In 2019, at site LS, yield and sugar yield per vine were equal between
the treatments (Table 4). But in the consecutive years, terraced vine-
yards showed approximately 20-33 % lower yield per vine. At site LE,
the yield per vine of T was about a half to two third lower compared to

Agricultural Water Management 274 (2022) 107967

control vines. In 2019, the terraced vineyard of site RB suffered from an
intense drought stress at anthesis. This led to a reduction of yield per
vine of 92 % compared to control. But also in the following years, C
showed about twice as much grape yield per vine compared to T.

4. Discussion

The relevance of this work has to be linked to the current, but also to
the changing growing conditions grapevines will experience in the near
future as well as to the special role of viticulture practices at steep slope
sites. Global climate projections show that different regions will expe-
rience various changes in the amount of annual precipitation, the rain-
fall distribution and evapotranspiration (IPCC, 2021). In cool (13-15 °C)
to intermediate (15-17 °C) wine-growing regions (Hall and Jones,
2009), like the Rheingau wine-growing region (Germany), annual mean
precipitation patterns, but also evapotranspiration, are predicted to in-
crease (IPCC, 2021; Schultz and Hofmann, 2015); especially the latter
with a continuous rise in vegetation period temperatures. Schultz and
Hofmann (2015) prognosticated, that the gap between the amount of
precipitation and potential evaporation during the vegetation period is
going to increase in future. Schultz (2017) further highlighted, that the
risk of developing a water deficit in cool climate wine-growing regions,
like the Rheingau, is driven by the increase in evapotranspiration rather
than by a decrease in precipitation. Using a high-resolution, site-specific
assessment of drought stress risk, Hofmann et al. (2022) showed that
drought stress varies substantially between vineyard sites and will in-
crease further in steep slope-regions in future, compared to rain-fed
vineyards in the flat. This will be further enhanced, since the
incoming solar radiation is higher on steep hill sites and considerably
increases the evapotranspiration on often stony and shallow soils,
comprising a low water holding capacity (Hofmann et al., 2014).
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Fig. 6. Comparison of lateral leaf area estimation per vine (m?) measured on grapevines of different treatments (C = control, downslope planted vineyard;
T = terraced vineyard; n = 6), development stages and sites (GM = Geisenheimer Rothenberg; RB = Riidesheimer Berg Rottland; LE = Lorcher Eisersgrube; LS =
Lorcher Sesselberg) in 2019 and 2020. Median is indicated by the horizontal line in the boxplot, mean values are represented by a black dot in the respective
boxplots. Asterisks denote significant differences (* = p < 0.05; n.s. = not significant) of non-parametric Mann-Whitney-U test between treatments at one site and

measurement date.

61



T. Strack and M. Stoll Agricultural Water Management 274 (2022) 107967

Table 3

Pruning wood fresh weights (mean =+ standard deviation in kg vine! and kg ha™'; n = 30) of different treatments (C = control, downslope planted vineyard;
T = terraced vineyard) and sites (GM = Geisenheimer Rothenberg; RB = Riidesheimer Berg Rottland; LE = Lorcher Eisersgrube; LS = Lorcher Sesselberg) of three
vintages. Asterisks denote significant differences (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; n.s. = not significant) of non-parametric Mann-Whitney-U test be-
tween treatments at one site. ND = no data.

2018 2019 2020
C T sign. C T sign. C T sign.
GM kg vine! 0.41 +0.18 0.33+£0.13 n.s. 0.35+ 0.15 0.20 £ 0.07 el 0.28 + 0.16 0.19+0.13 el
kg ha! 2895.30 +1251.59  1296.21 + 514.87 il 2485.76 +1040.10  788.31 + 285.71 1985.75 £ 1176.77  734.08 + 514.60 ok
RB kg vine ND ND 0.26 £ 0.11 0.14 4+ 0.03 0.27 £ 0.08 0.21 +£0.13
kg ha? ND ND 1290.00 + 546.05 525.03 £+ 101.95 il 1373.33 + 414.96 786.32 + 493.77 il
LE kg vine™ 0.58 + 0.27 0.26 +£0.12 0.35 + 0.10 0.15 +0.08 0.38 + 0.13 0.18 +0.09
kg ha 2655.80 + 1234.97  1228.60 + 569.99 1581.66 + 443.14 733.35 + 376.13 1728.62 + 579.90 877.80 + 416.21
LS kg vine! 0.44 + 0.15 0.27 £0.13 sk 0.17 4+ 0.06 0.14 £ 0.06 * 0.20 + 0.06 0.19 £ 0.08 n.s.
kg ha’ 1827.92 + 616.68 1032.17 + 499.00 i 691.72 £ 231.78 530.24 £ 230.09 o 834.79 £+ 261.14 745.17 £+ 314.18 n.s.

Table 4

Average fruit and sugar yield per vine and hectare (absolute values (kg) and percentage difference (A) to control) of different treatments (C = control, downslope
planted vineyard; T = terraced vineyard) and sites (GM = Geisenheimer Rothenberg; RB = Riidesheimer Berg Rottland; LE = Lorcher Eisersgrube; LS = Lorcher
Sesselberg) of three vintages. N.D. = no data.

2019 2020 2021
¢ T A C T A [¢ T A

GM Yield kg vine! 1.60 1.73 8% 2.05 1.52 -26 % 2.62 1.24 -53 %

kg ha! 11,433.75 6873.30 -40 % 14637.76 6048.47 59 % 18,741.59 4915.79 74 %

Sugar yield kg vine™ 0.23 0.26 13 % 0.30 0.24 -20 % 0.36 0.16 -56 %

kg ha 1642.89 1031.68 37 % 2142.90 952.32 -56 % 2537.61 627.01 75 %

RB Yield kg vine! 1.67 0.14 92 % 1.37 0.68 -51 % 2.34 1.43 -39 %

kg ha! 8333.83 515.73 -94 % 6847.10 2481.04 -64 % 11,705.68 5238.85 -55 %

Sugar yield kg vine 0.30 0.03 -90 % 0.22 0.12 -45 % N.D. N.D. N.D.

kg ha! 1500.00 109.89 93 % 1100.00 439.56 -60 % N.D. N.D. N.D.

LE Yield kg vine™ 2.66 1.13 -57 % 2.87 1.56 -45 % 3.45 1.13 -67 %

kg ha! 12,068.82 5375.09 -55 % 13,042.07 7452.15 -43 % 15,667.84 5388.67 66 %

Sugar yield kg vine! 0.37 0.15 59 % 0.44 0.20 -55 % 0.50 0.14 73 %

kg ha 1681.65 714.30 -58 % 1999.80 952.40 -52 % 2285.15 643.14 -72 %

LS Yield kg vine 1.22 1.23 1% 1.90 1.28 -32 % 2.18 1.74 -20 %

kg ha! 5073.29 4753.89 6% 7913.46 4953.36 -37 % 9084.06 6735.68 -26 %

Sugar yield kg vine 0.17 0.17 0% 0.28 0.17 -39 % 0.31 0.22 -29 %

kg ha 708.39 656.37 7% 1166.76 656.37 -44 % 1295.61 848.36 -35 %
Additionally, steep slope vineyards are prone to soil and nutrient loss and the timing of the event. The evapotranspirative demand of the at-
through erosion (Pijl et al., 2020), which increases with slope gradient mosphere affects the vine and intensifies concomitantly to the devel-
and length of the hillside (Emde, 1992; Rodrigo-Comino, 2018). A recent opment of foliage. Furthermore, different growth stages are diversely
work by Pijl et al. (2022) highlighted the benefits of modern terraces susceptible. In general, low water availability affects cell division and
regarding the conservation of soil water and the reduction of soil erosion cell expansion, independent of the organ tissue. While drought stress is
and sediment fluxes. able to inhibit vegetative growth from the time of when leaves are
In the years of 2018-2020, annual rainfall was lower in the Rheingau capable to perform photosynthesis throughout the whole vegetation
wine-growing region compared to the long-term average of 1981-2010 period, the generative development is highly vulnerable from pre-bloom
(—=13 %, —13 % and —23 %, respectively; Table S1) and the experi- to fruit-set, since pollen fertility is particularly sensitive to drought
mental sites experienced a dry period over three years. In 2021, the (Keller, 2020). A poor anthesis results in lower yields due to shoots with
annual precipitation was a little higher compared to the previous years, less fruitful clusters, meaning a reduced berry number which can further
but was still dryer than the long-term average (—4 % compared to the be reduced in size. Drought during bloom may also affect yield in the
long-term average 1991-2020 and —7 % compared to the long-term consecutive vintage (Keller, 2020). The Rheingau is one of the German
average 1981-2010; Table S1). While the actual grapevine transpira- wine-growing regions, which is at highest risk of future potential yield
tion may vary considerably, the potential evapotranspiration of flat losses due to pre-véraison water shortage (Yang et al., 2022). In 2019 at
vineyards in Geisenheim (Rheingau, Germany) is approximately site RB, yield loss in the terraced treatment was severe due to a
500 mm during the vegetation period (Hoppmann et al., 2017) or pre-anthesis drought event. Inflorescences were shed, which led to a 90
800 mm per year, increasing with slope (Hofmann et al., 2014). Those %-reduction of yield in the terraced vineyard compared to the control
values exceed the annual amount of precipitation clearly (Table S1), but treatment (Table 4). With minor exceptions, e.g. site GM in 2019,
this does not necessarily result in grapevine drought stress, since tran- terraced vineyards yielded a lower fruit mass per vine during the years

spiration shows plasticity and the water use efficiency of grapevines (Table 4).
under drought may improve during the season due to stomatal regula- Under drought conditions, berry growth may be supported by stor-
tion induced by ABA signalling and the incorporation of osmotically age reserves from perennial sources (woody grapevine parts and roots),
active solutes, which interacts with the stomatal apparatus (Gambetta which may be at the expense of lower frost hardiness and a reduction in
et al., 2020; Herrera et al., 2022), due to ‘priming’ (Zamorano et al., shoot development in the next year (Junquera et al., 2012). The pruning
2021) or due to long-term adaption by assumed epigenetically changes weight data displayed in Table 3, suggests a lower carbohydrate storage
(Pagay et al., 2022). in the woody parts of vines planted on terraces, either by an allocation of
The impact of drought stress on grapevine depends on the severity reserves to support fruit ripening or a general reduction of
9
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photosynthetic performance, i.e. carbon assimilation, due to stomatal
closure as a reaction of drought experience. This is supported by the 5'3c
analyses, which showed a higher drought stress response, in terms of an
altered carbon assimilation, in terraced vineyards compared to control
during the whole period of fruit development, except at site GM
(Table 2).

In general, the grapevine adaptation to local conditions and the
achievement of full economic performance (i.e. yield stability and vine
balance) is delayed and usually lower at steep slopes comprising shallow
and stony soils compared to flat, rain-fed vineyards. Certainly, at site LE
and LS, years of planting were different between the treatments
(terraced vineyards were planted +5 and +7 years later compared the
control; Table 1), which may affect results due to possibly less developed
or adapted root system in T over time (Zhang et al., 2018). However, at
site RB, vines were planted in the same year and at site GM the
three-year difference between treatments would not influence the
established vines in their physiological behavior, since young vines,
planted in a flat vineyard, showed similar yield and pruning weights
compared to fully-adapted vines in the fifth year after planting (Bou
Nader et al., 2019). In the present study, the vines of the oldest vineyard
terrace (site GM) showed either less stress response (Table 2) or did not
distinguish from control in their pre-dawn leaf water potential mea-
surements (Fig. 5). The fifty-year-old grapevines might have been able to
root in deeper soil layers or to exploit higher soil moisture from the
platform centre. In addition, differences between treatments might have
also been reduced due to a high water holding capacity of the soils on
that site (Table 1). Studies on the impact of grapevine age on the
tolerance to water deficit showed, that due to a shallower root system
young vines were more vulnerable to soil drying conditions compared to
older and more adapted vines (Bou Nader et al., 2019; Grigg et al.,
2018). Furthermore, in our study, soil moisture dynamics were recorded
at the platform edge of the terrace, but literature cited in Michalsky
(1976) indicates that root growth was higher in length on terraces
compared to vines planted downslope, and that roots of vines planted on
terraces tended to grow towards the centre of the platform, where a
higher soil water content would exists (Michalsky, 1976). Hence, once
the vines start to adapt, irrigation water should be applied on the foot of
the embankments through subsurface drip lines, forcing the roots to
grow towards the hill side.

Modern, driveable, vineyard terraces have to be constructed and
maintained properly. Poorly managed and insufficient stabilized em-
bankments (i.e. by the renunciation of vegetation cover or dry stones)
may lead to collapses of the terrace and an increase in soil erosion (Pijl
et al., 2020; Rodrigo-Comino et al., 2019). The positive contribution of
weeds and other crops covering bare embankment soil of vineyard ter-
races are ecosystem services like the prevention of erosion, the
providing of food and shelter for beneficial insects or the improvement
of soil physical and chemical characteristics. However, while young
vines planted on terraces may be competing strongly with embankment
vegetation used for soil stability, fully adapted grapevines may benefit
from higher water availability in the middle of the terrace platform,
depending on the water consumption of the surrounding vegetation.
Row orientation affects the radiation energy partitioning of the grape-
vine and the vineyard soil (Zorer et al., 2017), thus influencing the water
balance of the vineyard (Kool et al., 2021). Depending on intercropping,
the evapotranspiration of the soil may be little (0.5 mm d!) to almost as
high as the grapevine transpiration (3 mm dl) itself (Celette et al.,
2010). Cover cropped embankments in E-W, but also in NW-SE aligned
terraces, are irradiated almost the whole day, whereas the tractor alley
may be shaded by the grapevine canopy. To evaluate the soil water
budget in terraced vineyards an already existing model for radiation
partitioning and water balance for steep slope vineyards would have to
be adapted for the vineyard system planted along the contour line of the
hill (Hofmann et al., 2014). Lopes et al. (2015) quantified the water use
of several weeds and cover crops in a rain-fed steep slope vineyard in the
Rheingau wine-growing region and showed, that depending on their
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dispersion, transpiration values per square meter soil cover per day were
on average 2.7 to five times higher compared to grapevine. The differ-
ence in vineyard soil plant cover between the control and the terraced
treatments was highest during the early part of the vegetation period
(mid of May, when mulching is conducted in control vineyards to reduce
the risk of late-frost damage, but embankment vegetation is main-
tained). However, only small difference in the percentage change of soil
water content could be found between the treatments at all experimental
sites close after the period of late-frost risk (Fig. 4B). The small differ-
ences may be due to a rather dry and sunny spring (Table S1). Soils with
a fewer amount of soil water content also showed smaller percentage
changes in soil water content. Earlier in the season, the management
systems displayed considerable differences in soil water loss rates from
mid-March to the end of April (Fig. 4A), which may also lead to a delay
in shoot growth in the terraced treatment (Strack et al., 2021).

Even though vineyard terraces are able to conserve water during
precipitation events due to an increased water infiltration (Fig. 3) and a
reduction of run-off (Arndez et al., 2015; Pijl et al., 2022), they show a
large potential evaporation resulting from a larger surface exposed to
solar irradiation and wind compared to down-sloped vineyards (Lii
etal., 2009). The solar energy intake of the two systems may be the same
during the day, but terraced vineyards showed lower daytime temper-
atures compared to down-slope planted vineyards, which may indicate a
cooling effect of a higher transpiration activity of embankment weeds
and cover crop (Strack et al., 2021). Additionally, a lower planting
density resulting from a bigger distance between vineyard rows in the
terrace system may increase the wind flux, which further increases water
consumption by accompanying vineyard plants (Heilman et al., 1994).
Projections of the near future show, that under a dryer climate low
density vineyards in the plane (i.e. 2'500 vines ha™ instead of 5°000
vines ha'!) may benefit from a higher amount of free transpirable soil
water (FTSW; van Leeuwen et al., 2019). However, under less favorable
soil conditions (FTSW = 100 mm; as it can be often found at steep slope
sites, see also Table 1) a lower planting density barely improved FTSW
(van Leeuwen et al., 2019).

The differences in drought stress response were mainly pronounced
during fruit development before the beginning of ripening (Fig. 5). After
véraison, berry development is less sensitive to drought stress and may
profit from a reduced vegetative growth, due to better solar irradiation
and a lower risks of noble rot infection (Smart and Robinson, 1991). The
small changes in weekly water content measurements post-véraison
(Fig. 3) implied a low plasticity of water supply from soils with low
water holding capacity during summer in years of reduced precipitation.
On the one hand, grapevine water consumption is closely linked to its
leaf area, more precisely the transpiration surface of the plant (Oha-
na-Levi et al., 2020). On the other hand, secondary leaf area is strongly
affected by water deficit (Lebon et al., 2001; Pellegrino et al., 2005).
Grapevine vegetative performance of the terraced vineyards was lower
at harvest time at all sites (Fig. 6, Table 4). A clear tendency was shown,
that control vineyards display higher vigour compared to terraced
treatments (Fig. 6, Table 3). In 2020, when both types of grapevine
management, i.e. vines planted on terraces or downslope, at site RB were
irrigated regularly (Table S2), treatments showed no statistical differ-
ences in lateral leaf area, but a slight tendency of higher lateral leaf area
in T compared to C (Fig. 6). This suggests that a vine planted on the edge
of a terrace platform is able to outperform disadvantages related to
water availability, if supported by means of irrigation. However, since
the irrigation of luxury goods, like wine, bears the high risk of social
injustice, alternatives to an improved water supply or availability have
to be found. Possible solutions may be the relocation of the drip lines to
the foot of the embankment or the incorporation of an optimized
drainage system during the vineyard transformation process to slowly
supply excessive precipitation water from the pathways or turning plates
of the terrace to the vineyard soil (Pijl et al., 2020; Tarolli et al., 2015).
Special attention should be payed to viticultural management decisions
and breeding. The selection of a suitable rootstock showing better root
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architecture and being less vulnerable to drought stress and the scion
(Ollat et al., 2017), the trellising, as well as the controlling of vine
balance (ratio of vegetative to generative growth) has to be considered.
Further measures are the increase of soil organic matter to improve
water storage capacity, ground cover management to reduce evapo-
transpiration, a shallow soil cultivation to increase water availability
during droughts or the application of soil amendments (i.e. biochar;
Schmidt et al., 2021) and/or the inoculation of beneficial root symbionts
(i.e. rhizosphere engineering; Dries et al., 2021) to improve water
storage and water uptake by grapevine roots.

In conclusion, the collected data related to drought stress parame-
ters, highlighted a better overall performance of control vines compared
to the terraced treatment. However, the fifty-year-old vineyards at site
GM, showed less drought stress during the seasons (Fig. 5). This is of
particular importance since the years were the study was performed will
most likely become common scenarios in the near future under changing
climate conditions. All other terraces in this study were constructed and
planted not later than ten years ago. Thus, it may be inferred that young
vines need longer to adapt to the specific conditions of a high-
competitive environment like the terraced situation of a larger
exposed soil surface area. Nevertheless, the transformation of steep hill
sites to terraces may allow the retention of winter precipitation water
and the reduction of soil and nutrient loss induced by rainfall events.
Additionally, terrace embankments have the potential to diversify the
monocultural vineyard landscape and to cross-link biotopes if an
adequate cover cropping, i.e. regionally adapted flower seed mixture, is
used for biological stabilization (Wersebeckmann et al., 2022). A fast
adaptation of grapevines to the vineyard site is desired by viticulturists
for reasons of lowering costs of grapevine nursing and increasing yield.
In this context, site-specific solutions have to be developed on how to
improve the adaptation and resilience of young vines on terraced
vineyard sites. The aim is to support a fast development of grapevine
roots to overcome competition with highly drought-adapted sponta-
neous, or for stabilization reasons, inevitable co-vegetation, to further
allow successful grapevine cultivation at drought risk threatened steep
slope sites.
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Chapter V: General Discussion

This doctoral thesis aimed to investigate the effects of a management system transformation from
steep slope vineyards planted down the slope (control, C) to terraced vineyard systems (T). How
the changes in geometry and in row orientation affect the microclimate, the soil water dynamics

and the performance of the grapevine has been displayed in the previous Chapters Il to IV.

The hypotheses and research questions raised shall be discussed in a coherent approach to link

the single papers, add further information and consequently provide conclusions.

5.1 Vineyard terracing is a useful tool to mitigate weather extremes

The hypothesis H,, that vineyard terracing affects the canopy microclimate and leads to lower
temperature parameters and a more favourable canopy irradiation was tested in Chapter Il
(Strack et al., 2021).

The data evaluation showed, that vineyard terracing does affect canopy microclimate, but does
not overall lead to lower temperature parameters, e.g. minimum temperatures.
Additionally, a generally more favourable canopy irradiation and temperature must be discussed

in a more differentiated manner.

In Chapter 11, the application of an advanced computational method, i.e. a Bayesian linear mixed
effect model approach, was used to properly account for the complexity of the conducted
experiment. The data recorded comprises two vegetation periods. A longer time series would have
increased the significance of the results. However, given the level of the factors involved in the
analysis (i.e. daily weather parameters from each treatment and site, different row orientations,
different seasons and years as well as their interactions), robust results were found, which showed
both a treatment and a row orientation effect on the microclimate of grapevines grown at steep
slopes (Strack et al., 2021).

As already highlighted in Chapter I, the development of a stable microclimate in the vineyard
depends on the atmospheric conditions and is particularly pronounced at sunny summer days
under calm wind conditions (i.e. a wind speed less than 2 m s*; Horney, 1975). Furthermore, the
developmental stage of the grapevine is a relevant factor regarding the bunch zone microclimate,
since it affects the porosity of the canopy and, thus the penetration intensity of the solar radiation
into the canopy (i.e. the warming of the grapevine clusters in case of direct exposition or its
protection by leaf shading; Smart, 1985). Additionally, the vineyard geometry and the row

orientation either support or hamper the wind flux, e.g. by the area of direct sun-exposure and the
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heat accumulation due to wind protection. Furthermore, the canopy density and the row spacing
may influence the degree of the intra-vineyard turbulences (Weiss and Allen, 1976; Chahine et
al., 2014).

Small, but constantly robust increases in temperature (<0.5 °C) were found in the C treatments in
the N-S orientation for the daily mean and the daily maximum temperatures. In the C treatments
in NE-SW orientation, the temperature increase was either less pronounced or less robust.
Especially during days with a high amount of solar irradiation, C treatments showed higher air
temperature recordings and a higher number in heat days (i.e. a daily maximum temperature
>30 °C), compared to the T treatments (Strack et al., 2021). The exceptionally hot and dry years
of 2018 to 2020 and 2022 gave a foretaste on future climate scenarios, when certain temperature
parameters, the frequency of extreme weather conditions and their persistence are likely to
increase (Pfleiderer et al., 2019; IPCC, 2021).

Canopy surface temperatures of terraces were higher compared to C treatments during the night,
as it was also observed for the bunch zone temperature recordings (Strack et al., 2021). Gaps
remain in the knowledge on the effect of night temperatures on the carbon metabolism of the
grapevine (Tombesi et al., 2019), however, it was shown, that lower minimum temperatures
increased the expression of genes related to the secondary metabolism of the grapevine, which
are linked to a higher amount of quality-determining berry components, like pigments and aroma
compounds (Kliewer and Torres, 1972; Mori et al., 2005; Rienth et al., 2014). Unlike the
recordings of higher daily mean and daily maximum temperatures in C vineyards, both row
orientations of the terraced vineyard systems (E-W and NW-SE) showed the highest values in
leaf surface temperatures, measured at the valley-facing side of the canopy (S and SW) during
different major growth stages of the grapevine (Strack et al., 2021). This may be explained by
less transpiration activity, induced by a higher drought stress response of the terraced treatment
(Strack and Stoll, 2022) and, thus the closing of stomata (Gambetta et al., 2020a).

The absolute difference in the minimum temperatures recorded in the bunch zone between the T
and the C treatments were rather small (Strack et al., 2021). It still has to be investigated, if a
small, but constant increase of night temperatures (<0.5 °C) affect berry quality parameters
(Trought et al., 2015). A rise in night temperatures was already observed in the Rheingau wine-
growing region (Schultz, 2000) and is predicted to increase (IPCC, 2013), which may lead to a
higher impact on grape berry composition in T vineyards in the Rheingau wine-growing region
in the future, compared to vineyards planted downslope. Nevertheless, by vineyard terracing

temperature extremes and their impact on grapevine can be lowered, as shown by the reduced
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effect of heat waves due to the lowered number of heat days (Strack et al., 2021) and reduced

sunburn incidences (Strack and Stoll, 2021).

Climate conditions at the 50°N latitude are likely to become more demanding in future, i.e. a
general increase in temperature and a rising number of heat events, which are, in part, leading to
a higher atmospheric demand in evapotranspiration, in addition to a shift in precipitation patterns
(Schultz and Hofmann, 2015; IPCC, 2021). Extreme weather events, both cold and heat spells,
hail and heavy precipitation, among others, influence the vegetative and generative development
of the grapevine and have an impact on the viticultural success parameters of quality and yield.
The ability to adapt to the upcoming harshening conditions may determine the ecological and
economical sustainability of (steep slope) viticulture (van Leeuwen and Darriet, 2016).

The benefits of a warmer growing condition in cool climate regions are highlighted by different
authors, e.g. an improved aroma-ripening in — especially under cool climate late-ripening — grape
cultivars like White Riesling, the introduction of new grapevine varieties into the wine-growing
region’s portfolio (e.g. for red wine production or white varieties originating from Mediterranean
climates) and the suitability of more northernly grape-growing (Jones et al., 2005b; Sgubin et al.,
2022). Thus, the varietal range is likely to change under future climate conditions (Jones et al.,
2012). However, not only the direct challenges by a changing climate affects grapevine
cultivation. Further issues will be the migration of biotic stressors (fungi and plant-feeding insects,
which may function as a virus-carrying vector) in new habitats. To address the issues of the
different abiotic and biotic stressors and to achieve the aspired halving of pesticide use in the
European Union by 2030, the breeding of new grape varieties and rootstocks is one key
component of adapting to future threats.

Traditional wine profiles may experience an alteration under changing environmental conditions
(Trought et al., 2015) and certain wine-growing regions may exceed the range of their theoretical
optimum growing season temperatures for the grapevine (Jones et al., 2005b). This may be more
significantly pronounced at steep slope vineyard sites. Grapevines, however, show a high
plasticity in the response to a variety of growing conditions. But to obtain the grape quality which
is desired by wine-makers, actions to mitigate extreme weather conditions may have to be applied.
It is of importance to viticulturists to be capable to respond to uncertain, but likely, negative

climate change outcomes with economically viable tools.

The fast development of low-cost monitoring devices allows a high resolution recording of
microclimate data (Spachos, 2020; Valente et al., 2022). Establishing a high-performing wireless

sensor network in single vineyards or whole wine-growing regions will support viticulturists and
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consultants in their decision-making process regarding future climate issues, i.e. drought risks, to

apply site-specific mitigation strategies (Hofmann et al., 2022).

Short-term adaption strategies to mitigate climate change impacts on the vineyard are applied
during and may not last longer than the current vegetation period of the grapevine. Usually, the
overall aim is a delay of phenological major stages, e.g. bud brake, flowering, as well as véraison,
to postpone the berry ripening and the harvest into less hot months of the year. Santos et al. (2020)
and Previtali et al. (2022) list measures to achieve a reduction in carbon assimilation of the
grapevine canopy to obtain both, lower sugar and higher acidity levels at harvest, i.e. a delay in
ripening (Stoll et al., 2013). However, many short-term actions require manual labour and/or
investments which may lead to higher costs, especially for steep slope-viticulturists, as stated in
Chapter I, or include risks in regard to yield or quality losses due to unpredictable weather events
in the forthcoming growing season.

On the other hand, long-term adaption strategies affect several years of cultivation and may
include further, more intensive efforts to implement. Said efforts may encompass changes in the
training and trellising of the grapevines, changes in the planting density, changes in the selection
of the planting material or a change in the vineyard location to cooler climate regions, i.e. a shift
to higher latitudes, higher elevations, side valleys or north-exposed slopes (Santos et al., 2020).
The translocation of vineyards from the flat to higher located hill-sides may require the
establishing of terraces. The restoration of abandoned vineyard sites may be beneficial regarding
the provision of ecosystem services, the support of biodiversity and an increase in tourist
attraction. However, a potential conflict of different interests may result from the rededication of
(semi-) natural sites to agricultural land, due to the massive interference in the terrain structure
and the possible negative impacts on the environment. However, vineyard terraces have the
potential to promote biodiversity and to increase soil organic carbon (Chen et al., 2020;
Wersebeckmann et al., 2021; Wersebeckmann et al., 2022). To what extent vineyard terracing
may contribute to a carbon neutral wine production would have to be assessed by a budgeting
(Chiriaco et al., 2019; Da Pinto Silva and Da Esteves Silva, 2022). However, the observed benefits
in the prevention of soil erosion and the potential reduction in pesticides due to the distinctive

geometry of the terrace favour this kind of vineyard management system (Jorger et al., 2008b).

The vineyard transformation to a terrace is a long-term decision and may contribute as a tool to

mitigate forthcoming challenges which are caused by a vastly changing climate.

Grapevine phenology is already affected by an increase in vegetation period temperature at the

50°N latitude and is likely to be constantly advanced in future, compared to past decades
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(Duchéne and Schneider, 2005; Jones et al., 2005a; Droulia and Charalampopoulos, 2022; Ramos
and Martinez de Toda, 2022). The trends in global warming already show an advanced grapevine

phenology and an impact on berry maturation (Hofmann et al., 2021).

The phenological observations during the experimental period were somewhat inconsistent, but
generally showed a budburst, which was a few days earlier in C treatments and a delay in
flowering of T treatments over the years. Contrarily to previous vintages, bud break was
approximately delayed by seven days in all of the terraced treatments in 2021, compared to the
control (unpublished data; Strack et al., 2021). In all control treatments in 2021, flowering
generally was two days in advance compared to the terraced treatments. This observation
highlights both, the possibility to delay major phenological stages by a change in the management
system, i.e. terracing; but also, the ability of the grapevine to catch up in the vegetative
development compared to C. However, to mitigate the impact of such a strong biological and
physical driver like temperature a set of different measures should be applied to cumulate the

effects of the single actions conducted (van Leeuwen et al., 2019).

The advance in budburst in the control treatments also resulted in an advance in the shoot growth

of the grapevines in C treatments (Figure 3).
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Figure 3. Shoot growth rate (cm GDD'?) per measurement date (DOY)) of the year 2021 for the sites GM,
LE, LS and RB. Lines represent the fitted polynomial trend for each treatment (solid lines = control (C);
dashed lines =terraced vineyards (T)), the boxplots indicate data variability. The flowering date of C is
highlighted by an arrow and an annotation (E-L 23). Unpublished data.

The results in Figure 3 display the data of six vines, which comprise the mean of three measured

shoots. It is apparent, that all of the treatments measured showed a high variability between the

70



grapevines in all treatments and at all sites over all measurement periods (Figure 3; Strack et al.,
2021). In 2021, however, the variation in the shoot growth rate of the measured vines was lower
(expressed by the data variability and the coefficient of determination in Figure 3), compared to
the previous years (Strack et al., 2021). This may indicate, that less intense weather conditions in
spring and early summer, i.e. less dry and less warm, may result in a more homogenous shoot
growth in a vineyard. Additionally, in future years, grapevine shoot growth may be more uneven
within a vineyard between bud break and berry development. This may lead further to difficulties
in canopy management, since a varying shoot length of the vines require additional labour for
shoot positioning and trimming or an adapted training system. Overall, the shoot growth rate
showed less variability in T treatments during all observed measurement periods (Figure 3; Strack
et al., 2021). However, a homogenous vine growth also depends on uniform soil conditions and

an even water availability within the vineyard plot.

A fast shoot growth during the stage of early grapevine development is desired to avoid damages
of pests feeding on the young shoots. On the other hand, well-developed shoots earlier in the year,
i.e. an advance in phenology, is adverse, due to a potential risk increase in late-frost damage
(Kartschall et al., 2015), provided that the date of the last late-frost event may not be shifted to
earlier in the year (Molitor et al., 2014). Either way, no general statement about a higher rate in
shoot growth of either of the two systems, based on the slope of the polynomial function, can be

made.

Conspicuously, in the control vineyard of site LE, shoot growth rate reached a growth speed of
about 3.5 cm GDD™* (Figure 3), while the maximum growth increase at all other vineyard sites
during all three measurement years from 2019 to 2021 was approximately 2.5 cm GDD™* (Figure
3, Strack et al., 2021). It is possible, that an intensive removal of young shoots at the C of site LE
during the mid of May 2021, led to an unbalance between the treatments and favoured the growth
of the remaining shoots of the C grapevines at site LE. In fact, the leaf layer number (LLN)
recorded for the SE-exposed canopy side in C at site LE in 2021 showed continuously low values
over the whole vegetation period in 2021 (flowering: 0.14; véraison: 0.17; harvest-ripe: 0.12;
Figure 4), which may explain the deviation in shoot growth rate compared to the previous years
and the other treatments at all sites. Additionally, due to a possible higher solar exposure of the
temperature sensors inside the possibly less dense bunch zone, thus higher temperature

recordings, a bias in the calculated index may be possible as well.

This highlights the importance of a clear communication with the partner wineries and the sound

monitoring of the experimental sites to avoid interferences in the experimental design or to be
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able to detect and to explain observed variance in the data. In Strack et al. (2021), the experimental
setup comprised fourteen vineyards managed by seven different wineries. Differences in
management practices and production aims were tried to be excluded by a lively exchange with
the partner wineries. However, a certain influence of individual management decisions cannot

always be excluded, especially in research conducted under practical conditions (Henke, 2000).

But not only the manipulation of the canopy, e.g. by the means of shoot removal or defoliation,
may alter the growth behaviour of a grapevine, its yield or the composition of grapevine berries
by the alteration of the carbon assimilation capacity. A further limitation of this research work is
the age difference of the grapevines. Especially for the vineyards planted at the sites LE and LS,
the age gap (+5 and +7 years) between the grapevines may have impacted the growth parameters,
due to differences in the root development and therefore the plant’s accessible soil volume.
However, since the number of modern terraces in the Rheingau wine-growing region is limited
and, furthermore, the criteria for the selection (i.e. a close proximity and comparable planting
material; Table 2) were quite narrow, some compromises had to be accepted and need to be
discussed in the respective context. It can be assumed, that over time, a sufficiently established

root system will eliminate the impact of a difference in age between the treatments.

Nonetheless, to what extent the grapevine age affected the data recorded for the purpose of
microclimate comparison of C and T is uncertain. Older grapevines show the tendency of a higher
transpiration activity compared to younger vines (Bou Nader et al., 2019) displaying higher
transpiration rates (Montoro et al., 2016). Transpiration activity results in a cooling of the
grapevine canopy. Under cool climate conditions (i.e. a monthly average maximum temperature
range of 20 °C to 27 °C during summer months) the average cooling power of 3 m to 6 m high
and sunlit grapevine canopies may be 60 W m? month?® to 130 W m? month™ (Yazdanseta,
2017). However, grapevine canopies in Germany may show maximum canopy heights of
approximately 1.5 m only. Furthermore, transpiration varies during the day and throughout the
growing season, due to the stomatal response to rising temperature and the limitation in water
availability (Cuevas et al., 2006; Herrera et al., 2022).

Both treatments, regardless of row orientation, showed a leaf surface temperature increase, lasting
for approximately four hours, during the time of full sun exposure of the canopy side, respectively,
where a limited grapevine transpiration can be assumed (Strack et al., 2021). Based on the data
provided in Strack and Stoll (2022), it can be further assumed, that stomatal conductance was
limited during the summer month in all treatments at all sites, due to mild to moderate water

deficits.
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5.2 Vineyard terracing alters the composition of grapevine berries

The investigation of how the change in row orientation by vineyard terracing affects the bunch
zone light environment and further impacts on the cluster composition of Vitis vinifera L. cv.
White Riesling, was subject of the testing of the second hypothesis Hy, described in Chapter Il
(Strack and Stoll, 2021) of this work.

Three of the seven vineyard pairs were chosen to investigate the influence of a change in row
orientation by vineyard terracing. Each of the three vineyard pairs share the same planting
material regarding the rootstock, respectively, but the varietal clones differ. The two clones of
White Riesling (198 Gm and 239 Gm) used at the site GM, are quite comparable in their
viticultural and enological characteristics. Both show moderate yields, high sugar and acidity
levels and the same degree of susceptibility to grey rot infection. At site LE and LS, however, the
White Riesling clones of both control treatments are unknown. While in the terraced treatment of
LS the White Riesling clone 198 Gm was used, the White Riesling clone chosen for the site LE
was 64 Gm, which differs to the standard clones (198 Gm and 239 Gm) in a slightly increased

yield and a higher expression in terpenes (Schmid et al., 2011).

To reduce this bias, not only the treatments (C and T), but also the row orientation and the
respective canopy sides of the particular treatment x row orientation combination was covered
within the evaluation of an effect on quality-determining berry parameters (Strack and Stoll,
2021).

Grapevine berry quality is highly linked to light conditions (Friedel et al., 2015; Friedel et al.,
2016). Pieri et al. (2016) described a positive linear relationship with solar radiation on the
composition of Merlot berries in regard to flavonol concentrations in the berry skin. The more a
grapevine berry is exposed to light, the higher the accumulation of photoprotective substances,
e.g. pigments, volatiles and polyphenols becomes (Martinez-Lischer et al., 2014; Joubert et al.,
2016). Depending on the grape variety, the desired wine style and matrix, a formerly desired berry
protection may be detrimental to the later wine quality, if the concentrations of the named
substances are too high and may result in off-flavours due the increased formation of TDN or the
change in colour as observed in Riesling wines (Grebneva et al., 2022).

The effect of sunlight is difficult to separate from thermal radiation. While, for example, light
favours the formation of anthocyanins in Pinot noir berries, an increase in temperature negatively

impacts the anthocyanin biosynthesis (Mori et al., 2007).
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The response of the grapevine regarding the composition of the berry (juice and skin), but also
the leaf, showed a clear connection to solar radiation of the respective canopy side (Strack and
Stoll, 2021). In 2021, when the number of sunshine hours and the temperature were generally
lower during summer, compared to the previous years of 2019 and 2020, it became apparent, that
the difference in the expression of the irradiation-related juice parameters was less pronounced
between the respective canopy sides. The single sub-treatments (expositions) converged and were

less distinct (Figure 4).
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Figure 4. Principal component analysis of the years 2019 to 2021. (A) Score plot of individuals. Dots
represent individual samples and dot colour indicates bunch exposition. Big dots show the mean of sample
group, ellipses represent 95% confidence interval. (B) Loadings plot of variables. Black labels show
analysed berry parameters (concentrations). Green labels represent supplementary quantitative data. BW =
berry weight, LLN = leaf layer number, PIC = percentage of interior clusters, PIL = percentage of interior
leaves (_f = flowering, _o = onset of ripening, _h = harvest-ripe), LSF = bunch zone radiation energy
interception, GABA = y-aminobutyric acid, gal = galactoside, glc = glucoside, rut = rutinoside, GRP =
grape reaction product, Kmp = kaempferol, Que = quercetin.

Especially the canopy sides of the C treatments (SE, NW, E and to a less extend W) showed
similar juice and berry parameters (Figure 4). However, the canopy sides of the terraced vineyards

were still distinguishable from each other.

This confirms that the microclimate, more precisely the conditions for the development of a
distinctive microclimate, determines the composition of the grapevine berry. In Strack et al.
(2021) the difference in bunch zone irradiation for different row orientations and canopy sides
was described. In general, ‘Exposition’ and ‘Vintage’ were the factors which mostly determined

the analysed berry parameters (Figure 4, Table 3).
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Table 3. Results of the multifactorial analysis of variance (ANOVA) for the difference in the response of
different quality-determining berry parameters per gram berry weight to the factors ‘Exposition’, ‘Vintage’,
‘Site’ and the interaction between ‘Site’ and ‘Treatment’.

Variable: Total soluble solids Total acidity Total amino acids  Total phenolics

Factor: (°Brix g1 (gL'gh (mgL*g?h (mg g™
EXpOSitiOﬂ kK *kk *kk e
Vi ntage Fokk Fkk Fkk Fokok
Site n.s. n.s. n.s. n.s.
Treatment:Site n.s. n.s. n.s. n.s.

While during anthesis (mid-June) a higher cumulated amount of solar energy was received by the
bunch zone of the control treatments, the incidence of sunlight increased more and more with the
progressing season in the terraced treatments of both row orientations (E-W and NW-SE), but
remained rather static in the control treatments (N-S and NE-SW). The valley-facing canopy sides
of the terraced treatments contributed to the total light energy interception the highest, while the
hill-facing side of the canopy received constantly low sunlight into the bunch zone (Strack et al.,
2021).

A homogenous, high quality grape yield is desired by viticulturists. However, due to spatial
heterogeneity in the vineyard soil and the influence of topography, the potential of an overall high
juice quality is usually diminished by the high variability in the level of ripening of the crop
(Kontoudakis et al., 2011; Santesteban, 2019).

Selective harvesting may increase the net benefit of a winery by separating different berry quality
levels (Bramley et al., 2011). However, a targeted blend of clusters showing different grape
ripening levels may also be beneficial to preserve juice acidity and to lower alcohol content
(Guerrini et al., 2018), which may be desirable due to rising climate risk factors (Droulia and
Charalampopoulos, 2021). Attention should be paid to a potential increase in bitterness, if the
ripening levels differ too much (Guerrini et al., 2018).

In Chapter Il (Strack and Stoll, 2021), differences in grape quality were discussed and the relation
to solar exposure was highlighted. Regarding a potential risk in an increase of bitterness-
enhancing substances, the concentrations of flavanols and hydroxycinnamates did not differ
between the respective canopy sides in 2019 and 2020, under high sun irradiation and high
temperatures. High sun-exposed canopy sides of the T treatments (S and SW) were significantly
higher in flavonols (Strack and Stoll, 2021). In 2021, no significant differences were found in the
total phenolic concentrations of C vineyards (E compared to W and SE compared to NW),

whereas highly significant results were found between the canopy sides of the terraced treatments.
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Consequently, vineyard terracing affects quality-determining berry parameters by the amount of
light separation. The wall-like shielding of the grapevine canopy leads to a clear distinction
between the two canopy sides of a treatment and results in a heterogenous crop quality. However,
the potential overall quality of a terraced vineyard showed to be capable to reach high quality
standards of the fruit composition. Ganter and Ménnle (2008) mentioned the benefits of vineyard
terracing on the colour of red wines, but also report about a shift in the aroma profile of Riesling
wines from fruity to green, in some cases. Therefore, site-specific means should be applied to
achieve the desired fruit quality of the cultivar and the aspired quality and aroma profile of the

wine.

By using selective harvesting, terraced vineyards may provide further levers to enologists to
improve the wine-making process, especially under consideration of climate change impacts on
the fruit quality. Row orientation changes by vineyard terracing showed to be a useful tool to
prevent grapes from sunburn, thus to reduce quality and yield losses to the wine grower. Terraced

vineyards are further capable of providing high-quality grape yields for premium wine production.

5.3 Vineyard terracing comprises the chance of precipitation retention, but bares
the risk of drought stress in the early years of grapevine establishment

The third hypothesis Hy raised in this work, that vineyard terracing improves the retention of
precipitation, results in a higher water availability for the grapevine, thus leads to a lower

drought stress response had to be partially rejected.

Vineyard terracing was able to increase water retention (Strack and Stoll, 2022), due to a
presumably reduced infiltration speed, less surface runoff of precipitation and a possible higher
storage of the water due to a higher soil volume (Tarolli et al., 2014). However, it can be assumed,
that the competition to the embankment cover crop and its potential evaporation was high (LU et
al., 2009), which led to an enhanced drought stress response of the — not finally adapted —
grapevines planted at the platform edge of the terraced vineyards (Strack and Stoll, 2022).

Celette et al. (2008) pointed out the benefit of an improved replenishment of soil water by the use
of cover cropping, due to better infiltration and less runoff of winter precipitation. However,
accompanying vegetation emerges earlier than the grapevine, thus it is likely, that a large share
of the retained water is consumed by the shrubs and grasses before the vegetative development of
the grapevine has even started. Depending on the soil conditions, e.g. the soil depth, this may
result in a high competition to water once the grapevine develops in growth, leading to a drought
stress impact (Celette et al., 2005; Celette et al., 2008).
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A general definition of drought stress tolerance in grapevines may be: the ability to maintain a
sufficient performance under water deficient conditions without the detrimental effects on
grapevine health as well as fruit quality and a satisfactory yield. Gambetta et al. (2020a) reviewed
the grapevine’s physiological mechanisms in response to drought and a range of methodological

approaches to determine a specific variety’s drought tolerance.

Severity classes of pre-dawn leaf water potential and its impact on grapevine physiology are
described by Carbonneau (2006) and Deloire et al. (2016), respectively, and range from no water
deficit (0 MPa to -0.2 MPa), mild water deficit (-0.2 to -0.4), moderate water deficit (-0.4 MPa to
-0.6 MPa) to severe water deficit (<-0.6 MPa). A mild to moderate drought stress impact (-0.3 to
-0.5 MPa) on the grapevine is seen as positive for the later wine, since it enhances the contents of
valuable secondary metabolites (Savoi et al., 2020). Mild stress symptoms in grapevine arise from
values of the fraction of transpirable soil water (FTSW) of approximately <40 % (Lebon et al.,
2003) and do affect stomatal behaviour by lowering the relative transpiration (Hofmann et al.,
2014) and stomatal conductance (Lebon et al., 2003) of the grapevine. This segues into the
reduction or cessation of vegetative growth parameters (FTSW approximately <20 %), e.g. lateral
leaf area (Lebon et al., 2001; Pellegrino et al., 2005).

The actual ability of the grapevine to thrive under a high-competitive environment depends on
the adaptation ability of a genotype to the existing soil and microclimate conditions.

Rooting depth and thereby the potential increase in water availability plays an important role in
the plant’s resilience towards dry periods (Alsina et al., 2011). The site-specific selection of
suitable rootstocks is therefore an important tool to improve the grapevine’s performance in a
high-competitive environment, like cover-cropped vineyard terraces. In general, grapevines
planted at steep slope vineyards with shallow soils and low field capacity need more time to fully
develop their yield and quality potential, compared to vineyards in the flat.

Ganter and Méannle (2008) described the experience of wine-growers cultivating grapevines on
modern terraces, which suggests a better establishment of the grapevines eight to ten years after
planting, compared to grapevines planted downslope. Additionally, they indicate that young vines
planted on terraces tend to show an increased drought stress, which was induced or enhanced by
the competition to permanent cover crop (Ganter and Mannle, 2008). This observation coincides
with the results of Strack and Stoll (2022), presented in Chapter IV. All vineyards showed mild
to moderate or even severe responses to water deficit during the dry summer of 2019 and 2020.
In Strack and Stoll (2022), the observed vineyards showed a rather low field capacity, typical for

steep slope sites.
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The success of grapevine cultivation on steep slopes under future climate scenarios was subject
of recent research. Hofmann et al. (2022) identified already challenged steep slope vineyards in
regard to water deficit and projected an increase in drought risk of such until the end of the current
century. This is in accordance to the predicted increase in an atmospheric water demand under
harshening climate conditions (Clarke et al., 2022). Considering these findings, viable solutions

have to be found to maintain viticulture threatened by climate change.

Technical solutions to increase water supply to the grapevine are discussed in Strack and Stoll
(2022). However, since fresh water resources will be limited further in future and oftentimes
irrigation infrastructure is not available, the main goal should be the improvement of the vineyard
system itself — not only in regard to water deficiency.

Despite the risk of enhancing drought stress due to an additional water consumption, vineyard
terraces proved to promote biodiversity (Wersebeckmann et al., 2021; Wersebeckmann et al.,
2022) and are capable to provide further eco-system services, e.g. erosion prevention (Wei et al.,
2016).

Several erosion events could be observed during heavy precipitation events in almost every recent
year, especially during those which displayed particular dry summers (e.g. 2018, 2019, 2020 and
2022). While no quantitative records were collected at the Geisenheimer Rothenberg, the visual
documentation of the two different management systems of C and T at the experimental site
showed significant differences in their capability of erosion prevention, in particular, the

conservation of valuable vineyard soil, its structure and nutrients (Figure 5).

Figure 5. Impact of a heavy precipitation event (25 mm in one hour) on the vineyard soil after a hot and
dry period on the 24™ of June 2022 at the Geisenheimer Rothenberg. The downslope planted vineyard
showed and enormous loss of soil (left), while no surface soil erosion could be observed in the terraced
treatment (right).

However, an improved soil management (e.g. a reduction in tillage or the maintainance of cover
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crop) in the control plot would have significantly reduced the amount of soil particle movement
(Biddoccu et al., 2020; Pijl et al., 2020). On the one hand, the choice of cover crop management
options is limited under low annual rainfall, since drought stress risk increases (Novara et al.,
2021). On the other hand, an cover crop management which is applied in accordance with the soil
field capacity and the prevailing weather conditions, e.g. a partial permanent grass cover may
result in the benefit of soil conservation without the risk of an increased yield loss (Delpuech and
Metay, 2018).

Modern vineyard terracing requires a biological stabilization of the embankment, since the
reinforcement by dry-stone walls is not sustainable in economical terms. Moreover, bare soil or

sporadically grown ground cover by natural vegetation may lead to soil loss.

In Strack and Stoll (2022) the soil water dynamics of terraced vineyards was investigated by
measuriung the soil water content in the inter-vine space at the edge of the terrace platform. Due
to the necessity of tractor traffic it was not possible to apply the used measuring technique in the
middle or the back end of the platform. Therefore, no statement about the total water storage

capacity of the modern terrace system could be made.

Michalsky (1976) mentioned the benefits of vineyard terracing regarding a reduction in surface
runoff and the increased infiltration of precipitation. However, the disadvantage of an increased
evapotranspiration by a higher exposure of the embankment soil and the cover crops was also
contrasted. The review of mainly Romanian literature by Michalsky (1976) suggests a higher
retention of soil moisture in older terraces with an increased platform size. This highlights the
importance in lowering embankment heights to reduce water loss by an improved ratio of platform
width to embankment height (L0 et al., 2009). However, this may result in a loss of cultivation
area for the grapevines (Koblet and Faust, 1992).

According to the reviewed literature, a zoning of soil water content on terraces is possible
(Michalsky, 1976). The highest content of soil water can be found in the middle of the terrace
platform, probably due to the highest soil depth and the shading by the grapevine canopy.
Suggested measures to improve soil water conservation are, together with the characteristics of
the terrace (slope and width of the platform and the embankment, the distance of the vines to the
edge of the platform and the age of the terrace), a site-adapted soil cultivation, the application of

organic fertilizers or compost and the adequate selection of the training system (Michalsky, 1976).

Ultimately, this highlights the importance of an individual, site-specific cultivation strategy of the

vineyard terrace to achieve the aspired yield and grape quality for wine-making purpose.
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5.4 Concluding remarks

The use of terraces for the purpose of land cultivation has been proved over centuries on different
soil types, climate conditions and crops. However, in our modern times the production aims,
demographic structures, chances but also challenges completely differ from those of past times.

Especially steep slope viticulture is threatened by the highly competitive wine market, due to the
increased production costs and a comparatively low yield as well as the projected intensification

of climate conditions, which may be detrimental for grape quality.

Vineyard terracing demonstrated to be a capable method of reducing production costs in steep
slope viticulture, to be a viable tool to mitigate weather extremes and to produce healthy grapes

suitable for high-quality wine production.

The inherent row orientation changes in vineyard terracing alter the light climate conditions and
favour berry ripening processes, in particular, during the late summer and early autumn months.
Concomitantly, grape clusters are better protected against sunburn damage due to the constant
radiation, thus the acclimatization of the highly exposed, valley-facing berries. This results in an
altered profile of secondary metabolites, e.g. amino acids and polyphenols, and further provides

an enological tool of yield diversification by the mean of a selective harvest.

The results obtained from the hot and dry years present during the experimental period indicate,
that terraced vineyards are able to improve canopy microclimate by lowering inner-canopy
temperature parameters. However, night temperatures tended to be slightly increased in terraced
vineyards compared to the control sites. The number of hot and dry periods are likely to increase
in the future. These observations imply, that vineyard terracing may be a strategy to alter the
vineyard microclimate in order to reduce the detrimental impact of rising day temperatures.
Establishing grapevines at steep slopes is challenging, since soil conditions are usually less
favourable due to shallow soils with low water holding capacity. Terraced vineyards showed a
high drought stress response during summer, but were able to retain a higher amount of
precipitation during winter. Older, better established grapevines, however, showed less
susceptibility to drought compared to younger vines. Regardless of the management system,
solutions must be developed to sufficiently provide the grapevine with water.

In short, the construction of vineyard terraces is an economical and an ecological viable method
to maintain highly valuable steep slope vineyard sites. The system offers interesting possibilities
to integrate the landscape’s multifunctionality by applying ecosystem services, producing high-

quality grapes and to match the challenges of future growing conditions.
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