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ABSTRACT

Agroforestry systems (AF) consisting of grapevines and trees, may lead to
resource competition for water and nutrients. This study aimed to evaluate the impact of a combined cultivation on water relations, nitrogen
nutrition and the resulting wine quality.
15
N-labeled inorganic nitrogen (N) sources were used to quantify net
N uptake capacity. N content and δ15N natural abundance were analysed
as integrating parameters of N nutrition. Leaf water potential (ψleaf) was
determined to evaluate the water status of grapevines. Wine quality was
evaluated by chemical and sensory analyses. In result, AF system reduced
leaf water potential and increased net N uptake capacity in grapevines.
However, chemical composition and sensory quality of the wine were
not signiﬁcantly aﬀected in the present system consisting of Riesling,
Sauvignon Blanc, oak and poplar.
Nitrogen availability of grapevines was favourable and water relations
were improved, whereas wine quality was similar when grown with trees or
without. Trees were able to reduce water and nitrogen losses without negative eﬀects on wine quality.
This work provides information on beneﬁts and limits for intercropping of trees and grapevines in terms of performance of grapevines and
wine quality compared to traditional vineyard systems.

KEYWORDS

Agroforestry; grapevine;
nitrogen; water; wine

Introduction
Agroforestry systems (AF) are land-use systems that combine woody perennials with agricultural
crops, animals or both on the same unit of land (Lundgren and Raintree 1983). In the present study,
we focused on an agri-silvicultural system, consisting of vines as a woody perennial crop and trees,
which was traditionally used in southern Europe, such as Italy, Portugal, Spain, Greece and France;
and was called Piantata or Vitis arbusta in Italy, or Joualle in France (Altieri and Nicholls 2002;
Eichhorn et al. 2006; Nerlich et al. 2013). The combined cultivation of vine with woody perennials
gives rise to interspeciﬁc interactions, being either competitive or synergetic. For example, trees
have the potential to build a physical barrier for weeds and insects, alter microclimate, raise
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biodiversity, enhance soil fertility or even improve air and water quality (Jose 2009). On the other
hand, trees may act as competitors for resources such as light, space, nutrients and/or water (Jose
et al. 2004; Bainard et al. 2011), and it was shown that especially water and nitrogen (N) availability
are strongly linked to each other (Hu et al. 2013). Nitrogen is an important growth-promoting
nutrient for trees (Rennenberg and Dannenmann 2015). In vine, N availability inﬂuences not only
yield and growth, but is of utmost importance for the concentration of amino acids and
N-containing secondary metabolites in berries that are also relevant for the wine quality.
Furthermore, yeast-assimilable nitrogen (YAN) is important for the fermentation of the must
because it inﬂuences yeast growth and fermentation kinetics (Bell and Henschke 2005). Aroma
compounds do not only arise from must, but also originate from products of yeast metabolism,
especially from sugar and N compounds present in the grapes (Mendes-Ferreira et al. 2011). Water
supply strongly determines vine phenology and grape ripening (Van Leeuwen et al. 2009). A
shortage in water supply may have adverse eﬀects on the development of grapevines and quality
formation of the wine (Keller 2005; Chaves et al. 2010; Lovisolo et al. 2010). On the other hand, a
moderate lack of water may lead to the adaptive accumulation of metabolites such as phenols or
anthocyanins, favourable for vine quality and sensory features (Ribéreau-Gayon et al. 2006; Deluc
et al. 2009; Lovisolo et al. 2016). Nitrogen nutrition and water availability are interlinked, because
water acts as a solvent for N compounds in the soil, facilitating uptake from the soil solution into
the root. However, it is not known whether a competition between vines and trees can lead to
impaired water and N nutrition in AF systems, especially if the tree species has high in water
demand, and whether this results in quality changes of the vines and the resulting wine.
In the present study we investigated whether an agri-silvicultural AF system, consisting of vine (Vitis
vinifera L. cv. Riesling or cv. Sauvignon Blanc) and poplar (Populus alba or Populus tremula x. P. alba) or oak
(Quercus petraea) trees, was associated with impaired water relations and N nutrition of the grapevines,
and if this AF system altered the quality of the wine. These two tree species were chosen because they
greatly diﬀer in terms of resource needs, e.g. oak has low, and poplar has high water- and N requirements.
To this aim we used δ15N-labelled organic and inorganic N sources to quantify net N uptake capacity
(nNUC), while leaf water potential (ψleaf) and δ13C abundance were determined to evaluate the water
status of the vines. Moreover, the wine quality in terms of sugar, phenols and quality-determining acids
was measured and the sensory proﬁle as well as ﬂavour and odour were evaluated. With this experiment
we evaluated whether the water and N supply to the vines, as well as wine quality, was more aﬀected in
comparison of the AF system with poplar or oak.

Material and methods
Plant material and experimental conditions
The ﬁeld experiment was conducted in 2013 and 2015 in a 0.50-ha experimental vineyard in Ayl,
Rhineland-Palatinate, Germany (Long. 49°37ʹN, Lat. 006°32ʹE), and consisted of grapevines and tress
grown in an agroforestry (AF) system. The AF system was established in 2007 when oaks were three
years old and poplars were one year old. The soil is classiﬁed as a hortic anthrosol with a skeleton
fraction of 20–30% and 15% clay. Grapevines Vitis vinifera L. cv. Riesling (R) and Vitis vinifera L. cv.
Sauvignon Blanc (S) (both grafted on rootstock Selection Oppenheim 4 (SO4)) in a wine nursery
and one year old at planting were arranged as monoculture (control group), and as a mixed
cropping system with oak (Quercus petraea) (RO, SO) or poplar (Populus tremula x. P. alba) (RP, SP).
In addition trees were also planted as monoculture (O, P) as controls. Imperfections (population
losses based on accretion problems) in the existing tree population of P. tremula x. P. alba were
ﬁlled with trees of P. alba. Trees were pruned periodically to a height of 3 m. In total the vineyard
was divided into 36 plots (12 m × 10 m; see supplemental data, S.1). Treatments included
monocultures of each species (15 trees and 25 vines per plot, respectively, four replicates each),
and combinations of vines and trees in every variation (mixed cropping systems, ﬁve replicates
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Figure 1. Schematic view of the cultivated agroforestry system. Section of a vine row and trees. The planting distance between
trees is 4 m. The planting distance between trees and vines is 1-4m, depending on cultivation as monoculture or mixed
cropping system.

each). The set-up was a fully randomized experimental block design with an inclination of 26.6%.
Rows were planted in a SE/ESE direction with spacing of 2 m. The spacing between trees and vines
among one row was 4 m and the spacing within and depending on the necessary space for tree
and vine growth (Figure 1). Annual precipitation [mm], average temperature [°C] and sunshine
duration [h] from 2013 and 2015 are given in the supplemental data (S.2). Data were taken from
the nearest oﬃcial weather station ‘Trier Petrisberg’ (Long. 49°45ʹN, Lat. 006°40ʹE), of the German
Meteorological Service.

Leaf water potential measurements
Leaf water potential (ψleaf) of grapevines was measured in September 2013, at BBCH 85 −89, using
a Scholander pressure chamber (Scholander et al. 1965). The measurements took place pre-dawn.
The date was chosen, because at this stage of development, berries started to soften and had a
high water requirement. In every plot, four fully expanded vines were randomly chosen. From these
vines always the youngest fully expanded apical leaf were sampled. Values are expressed in MPa.

Determination of nitrate, ammonium, arginine and glutamine net uptake capacity in
grapevine roots
N net uptake capacity was determined by 15N-tracer labelling experiments as previously described
for beech (Fagus sylvatica) and spruce (Picea abies) (Gessler et al. 1998). Since grapevines have a
cyclical N demand and uptake with a maximum between bloom and pea-size (June-July)
(Hanson and Howell 1995), uptake studies were conducted in July 2015. Samples of grapevine
ﬁne root (ﬁve ﬁne roots per plant, located in the upper 5–10 cm of the soil) were taken from all
cropping systems between 10 am and 2 pm to avoid diurnal variation (Gessler et al. 2002). Six
biological replicates [n = 6] were analysed per plot. The ﬁne roots were carefully dug free from soil,
by using a small scraper and a brush. Coarse dirt was removed and intact roots were incubated for
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2 h in an artiﬁcial soil solution with the following nutrient composition: 100 μM KNO3, 1 μM NH4Cl,
25 μM Gln (glutamine), 10 μM Arg (arginine), 10 μM AlCl3, 90 μM CaCl2, 7 μM FeSO4, 50 μM KCl,
6 μM K2HPO4, 24 μM MnCl2, 20 μM NaCl and 70 μM MgCl2. Five nutrient solutions containing
diﬀerent labelled N sources were used: ammonium (15NH4+) or nitrate (15NO3−) as inorganic N
forms, or glutamine (15N13C-Gln) or arginine (15N13C-Arg) as organic N forms. The ﬁfth solution was
used as control and did not contain labelled N. After incubation, the roots were cut oﬀ from the
vines and washed twice with 0.5 M CaCl2 solution to remove adhering nutrients and carefully
blotted dry. For later analyses of 15N, roots were dried for two days at 60°C and ground at 25.5 s−1
for 45 seconds using a vibrating tube mill (MM 301, Retsch, Haan, Germany). Fresh and dry weights
were documented. Net N uptake capacities (nmol N g−1 fw h−1) were calculated from the
incorporation of 15N into the root material according to the equation published by Kreuzwieser
et al. (2002):
Net N uptake = ((15NI-15Nn) x Ntot x dw x 105)/(MW x fw x t),
where 15NI and 15Nn are the atom% of 15N in labelled (NI, labelled) and non-labelled
(Nn, natural abundance) roots, respectively; Ntot is the total N percentage, MW the molecular
weight of 15N, dw is dry weight and t is the time of exposure.

Leaf sampling
In July 2015 leaf samples were collected in all 36 plots, from two randomly selected vines as well as
from two randomly selected trees. Leaves were chosen based on age, habitus and diseases, in
order to collect uniform sample material. For each vine, the tenth apical leaf was harvested from a
healthy shoot (Alleweldt et al. 1982). For consistent sampling of the trees, the ﬁfth leaf of two
individual second order branches were harvested. These leaves were chosen because they represent fully developed leaves with the highest rate of photosynthesis. The samples were frozen in dry
ice, ground to a ﬁne powder in liquid N2, and stored at −80°C until further analyses. For element
and stable isotope analyses, aliquots of the powder were dried for two days at 60°C.

Element of stable isotope analyses of C and N in leaf and root tissues
Total carbon (C) and N concentrations as well as 13C and 15N abundance were determined in ovendried, ﬁnely ground leaf (1.4–2.0 mg) and root (1.5–2.2 mg) material using an elemental analyser
(NC 2500, CE Instrument, Milan, Italy) coupled via a Conﬂo II Interface to an isotope-ratio mass
spectrometer (Finnigan MAT GmbH, Bremen, Germany). A working standard (glutamic acid) was
calibrated against the primary standards of the U.S. Geological Survey USGS 40 and USGS 41 for
quantiﬁcation of δ13C abundance and USGS 25 and USGS 41 for quantiﬁcation of δ15N abundance
(Qi et al. 2003; Coplen et al. 2006). The working standard was analysed after every 10th sample to
account for potential instrument drift over time as reported by Simon et al. (2011).

Wine samples and processing
Grapes were hand-harvested on October 1st (Sauvignon Blanc) and on October 22th (Riesling)
2013, respectively, when the local deﬁned must weight was reached. All grape bunches were
harvested from each plot, but due to technical limitations, only one wine was produced from the
four replicate plots of each cropping system. Viniﬁcation was done at the ‘Dept. of Quality of
Plant Products’, Institute of Crop Science at the University of Hohenheim, Stuttgart, Germany. A
total yield of between 9 L and 14 L of must was collected from each cultivation system by
squeezing the berries using a hydraulic press. After pressing, 2 g L−1 bentonite was added. After
24 h of cooling at 2°C in a cold store, musts were separated from trub and enriched with 20 g L−1
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sucrose. Thiamine and the wine yeast nutrient ‘NutriVin’ (Anchor, Johannesburg, South Africa)
were added. The musts were inoculated with 0.3 g L−1 yeast (Anchor Vin 2000; S. cerevisiae) and
rested till the end of fermentation, when wines were separated from the sedimented yeast and
sulphured with 200 mg L−1 potassium disulphide (K2S2O5). While Sauvignon Blanc wines showed
a satisfactory natural puriﬁcation during sedimentation of the trub, Riesling samples had to be
ﬁltered before ﬁlling in bottles. Wines were stored in bottles in the wine cellar (12°C ambient
temperature) of the University of Hohenheim for 1.5 years before tasting. Sauvignon Blanc was
not available in 2015.

Wine analyses
Wine analyses of the vintage 2013 were conducted after the viniﬁcation process. pH and total acids
(Schmitt 1983) were measured with a titrator (TitroLine easy, Schott, Mainz). Phenolics were
determined spectrophotometrically using the Folin-Ciocalteu reagent according to Singleton
et al. (1999). Sugars, mainly fructose and glucose, lactic acid, tartaric acid and malic acid were
analysed by high performance liquid chromatography (HPLC), (Merck-Hitachi, Darmstadt,
Germany). The determination of the diﬀerent sugars by HPLC is based on Mast et al. (2015). For
the determination of the diﬀerent acids, sulphuric acid (50 mM) was used as the mobile phase with
a ﬂow rate of 0.5 ml min−1. Detection was made at 210nm. Phenomenex SecurityGuard Cartridges,
Carbo-H 4 × 3.0mm as precolumn and Phenomenex Rezex™ ROA-Organic Acid H+ (8%), LC Column
300 × 7.8 mm, Ea as separation column were used.

Wine sensory analysis
We were able to conduct descriptive sensory analysis of the wine Riesling and Sauvignon Blanc
only of 2013 using a trained tasting panel consisting of 10–12 persons. The technical repetition of
the wine samples at another day is necessary to account for daily variation in the sensory
perception of each panel member. The six wines were tested for intensity in two replications at
random order and ambient temperature. For evaluation of the Sauvignon Blanc variations, the
panellists were given a total of nine deﬁned attributes, seven for aroma (cassis, green pepper,
green grass, passion fruit, asparagus, gooseberry and lemon) and two for ﬂavour/odour (intensity;
high/low). Twelve attributes, ten for aroma (pineapple, apple, pear, cassis, petrol, honey, mint,
peach, rose and lemon) and two for ﬂavour/odour (intensity; high/low) were used for evaluation of
the Riesling variations. For scoring an established four – point scale was provided, with 0 for noncharacteristic intensity and 4 for high/extreme intensity.

Statistical analysis
Statistical tests of the data were performed using SAS software (version 9.4, Cary, North
Carolina, U.S.A.). A MIXED MODEL, a Kenward-Roger-test with a correction after Tukey-Kramer
(p ≤ 0.05) was used. Studied factors were N source and cropping system. All chemical attributes
were analysed separately, and pH values were log-transformed before analysis. For sensory
analyses, each aroma attribute was separately analysed and compared between the diﬀerent
wine samples. Sauvignon Blanc and Riesling monocultures served as control for their respective
AF systems.
Principal component analysis (PCA) was carried out by using the program XLSTAT (https://www.
xlstat.com/de/).
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Figure 2. Leaf water potential (Ψleaf) [MPa] in grapevine leaves of the six diﬀerent cultivation systems
Riesling/oak (RO; ); Riesling/poplar (RP; ) and (b) Sauvignon Blanc (S; ); Sauvignon Blanc/oak (SO;
poplar (SP; ). Bars represent means ± SE (single copping n = 16, mixed cropping n = 20). Cultivation
cropping systems and Sauvignon Blanc cropping systems were analysed separately. Diﬀerent letters
diﬀerences; MIXED MODELS, p ≤ 0.05.

(a) Riesling (R; );
); Sauvignon Blanc/
systems of Riesling
indicate signiﬁcant

Results
Leaf water potential ψleaf of grapevine in dependency to the AF
Vitis vinifera L. cv. Riesling and cv. Sauvignon Blanc had diﬀerent leaf water potential (Ψleaf) when
grown in the studied AF system (mean R = −0.30; S = −0.31) Figure 2. Leaf water potential of
Riesling was signiﬁcantly reduced in the AF system by 26.0% (RO) and 28.7% (RP), respectively,
compared to the monoculture (Figure 2(a)), while there was no signiﬁcant eﬀect of the diﬀerent AF
for Sauvignon Blanc (Figure 2(b)).

Total leaf N- and C-concentration and C:N ratio
The total leaf N concentration was increased in both varieties when grown together with oak, RO
raised by 22.5% and SO raised by 23.4%, compared to the monoculture (Figures 3(a) and 3(b)).
No signiﬁcant diﬀerences were found for total C concentration comparing the AF systems of
Riesling (Figure 3(c)) and Sauvignon Blanc (Figure 3(d)). Despite the observed increase in total
leaf N concentrations, no signiﬁcant eﬀects were observed for C:N ratios in both grapevine varieties
(R Fig. 3e and S Fig. 3f)

Isotopic signatures of δ13C and δ15N
The isotopic signatures in the discrimination of δ13C have no signiﬁcant diﬀerences, neither in a
monoculture (mean δ13C‰ R; S: = −26.23), nor in an AF system (mean δ13C‰ RO; RP; SO;
SP: = −26.63) (Figure. 4a and 4b).
The δ15N abundances were signiﬁcantly higher compared to atmospheric N (mean δ15N
‰ = zero) for both Riesling (mean δ15N‰ = 2.403) and Sauvignon Blanc (mean δ15N‰ = 1.270)
monocultures (Figures 4(c) and 4(d)). They were reduced in all AF systems, but the extent of the
reduction was higher when grown with oak compared to poplar (mean δ15N‰ RO: = 0.079;
RP: = 0.818; SO: = 0.290; SP: = 0.713).
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Figure 3. Total N-concentration [%N], total C-concentration [%C] in leaves of the six diﬀerent cultivation systems (a) & (b) [%N]
and (c) & (d) [%C] and C:N ratio in leaves (e) & (f); R ( ); RO( );RP ( ) and S ( ); SO ( ); SP ( ). Bars represents means ± SE
(single copping n = 8, mixed cropping n = 20). Riesling cropping systems and Sauvignon Blanc cropping systems were
analysed separately. Diﬀerent letters indicate signiﬁcant diﬀerences; MIXED MODELS, p ≤ 0.05.

Net uptake capacity in ﬁne roots of diﬀerent nitrogen forms
Across all AF systems, Riesling had signiﬁcantly higher nNUC for NO3− (mean 16.5 nmol N g−1 fw h−1)
compared to NH4+ (mean 6.4 nmol N g−1 fw h−1). Even though the eﬀects of the cropping systems (R;
RO; RP) were not statistically signiﬁcant, there was a tendency for the cultivation system RP (mean
16.6 nmol N g−1 fw h−1) to have the highest net uptake capacity for both NO3− and NH4+
(Figure 5(a)).
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Figure 4. Carbon (a) & (b) isotope composition [δ13C‰] in and nitrogen (c) & (d) isotope composition [δ15N‰] in leaves of the
six diﬀerent cultivation systems (a) & (c) R ( ); RO ( ); RP ( ) and (b) & (d) S ( ); SO ( ); SP ( ). Bars represent means
± SE (single copping n = 8, mixed cropping n = 20). Riesling cropping systems and Sauvignon Blanc cropping systems were
analysed separately. Diﬀerent letters indicate signiﬁcant diﬀerences; MIXED MODELS, p ≤ 0.05. Exposition period: 2 h.

For Sauvignon Blanc, the nNUC across all systems (S; SO; SP) for NO3− (mean 14.5 nmol N g−1 fw h−1)
was slightly, but not signiﬁcantly, higher than that for NH4+ (mean 7.5 nmol N g−1 fw h−1). The highest
nNUC values were observed in SO, with a signiﬁcantly higher nNUC for NO3−, compared to NH4+
(Figure 5(b)).
Regarding organic N forms, mean nNUC values across all systems were higher for Arg (214.1 (R)
and 145.9 (S) nmol N g−1 fw h−1) compared to Gln (61.4 (R) and 48.3 (S) nmol N g−1 fw h−1) for both
varieties (Figures 5(c) and 5(d)). A signiﬁcant diﬀerence between the cropping system was only
seen for Riesling where nNUC for Arg was higher in the monoculture compared to the RO mixed
cropping system.

Wine quality
Only few signiﬁcant changes in wine composition were detected for the diﬀerent AF systems
(Table I). Compared to the Riesling monoculture (R), total acid concentration was increased in RO
(R vs. RO), and lactic acid concentration and sugars decreased in RP (R vs. RP). For Sauvignon
Blanc, the combination with oak (SO) resulted in lower pH values and increased sugar
concentrations (S vs. SO), while total acid concentration was reduced in SP (S vs SP) (Table 1).
A principal component analysis (PCA) Biplot provides a visualization of the two principal components by identifying groups (Ringnér 2008). In the present study, Riesling and its AF clustered
away from Sauvignon Blanc and its AF (Figure 6). The separation was based on the loadings of
the second PC. Furthermore, oak had the highest impact (longest cluster distance from the
respective monoculture) on the chemical composition of both wine varieties. Overall, the PCA
indicated that the changes of the chemical attributes of the Riesling wines were mainly
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Figure 5. Net nitrogen uptake capacity [nmol N g−1fw h−1] in grapevine roots of the four diﬀerent nitrogen forms (a) & (b)
[NO3−, NH4+] and (c) & (d) [Arg, Gln]. Measured in the six diﬀerent cultivation systems (a) &(c) R ( ); RO ( ); RP ( ) and (b)
& (d) S ( ); SO ( ); SP ( ). Bars represent means ± SE (single copping n = 8, mixed cropping n = 20). Riesling cropping
systems and Sauvignon Blanc cropping systems were analysed separately. Lower case letters indicate signiﬁcant diﬀerences
within a nitrogen form; capital letters indicate signiﬁcant diﬀerences within a cultivation system between diﬀerent N-forms,
MIXED MODELS, p ≤ 0.05. Exposition period: 2 h.

inﬂuenced by tartaric and lactic acid, while diﬀerences for Sauvignon Blanc wines were mostly
caused by malic acid, total acid and sugars. The sensory analyses of the diﬀerent wines indicated
no signiﬁcant changes in the aroma attributes when grapevine was grown in combination with
trees, neither for Riesling (Figure 7(a)), nor for Sauvignon Blanc (Figure 7(b)). Only slight tendencies for diﬀerences in a few aroma attributes (e.g. mint and odour) were detected.

Discussion
Cultivation of grapevine in an AF can improve water relations at drought
The measured water status of the grapevine cultivar Riesling was aﬀected by the AF. Cultivation
with oak and poplar increased leaf water potential (Ψleaf) in Riesling but not in Sauvignon Blanc
(Figures 2(a) and 2(b)), which seems to be a beneﬁt for Riesling when grown in an AF. According to
Deloire et al. (2004), there is a good relationship between the water status of plants, measured in
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Table 1. Mean values of chemical attributes of the six experimental wines made from grapes of the diﬀerent cultivation
systems. Mixed cropping systems of the Riesling and Sauvignon Blanc varieties were separated analysed. Riesling and
Sauvignon Blanc act as control. Signiﬁcant diﬀerences (Riesling n = 2, Sauvignon Blanc n = 1) are marked with an asterisk
(MIXED MODELS, p ≤ 0.05). (R, Riesling; RO, Riesling/oak; RP, Riesling/poplar; S, Sauvignon Blanc; SO, Sauvignon Blanc/oak; SP,
Sauvignon Blanc/poplar). ND = not detectable.
Sample
R
RO
RP
S
SO
SP

pH

Total acid
[g L−1]

Tataric acid
[g L−1]

Malic acid
[g L−1]

Lactic acid
[g L−1]

Sugar
[g L−1]

Phenols
[g L−1]

2.51
2.37
2.53
2.66
1.74*
2.52

11.31
11.91*
11.15
13.19
12.86
12.47*

5.03
5.43
5.10
5.48
4.91
5.19

3.33
3.25
3.09
4.22
4.51
3.94

2.73
2.52
2.32*
1.76
1.70
1.90

3.74
3.19
2.75*
3.43
4.10*
3.55

0.148
0.125
0.099
ND
ND
ND

Figure 6. Principal component analysis Biplot (PCA; F1 vs F2) of the chemical attributes of the six experimental wines from
grapes of the diﬀerent cultivation systems (R ( ), Riesling; RO ( ), Riesling/oak; RP ( ), Riesling/poplar; S ( ), Sauvignon
Blanc; SO ( ), Sauvignon Blanc/oak; SP ( ), Sauvignon Blanc/poplar).

terms of the leaf water potential (Ψleaf) and the available water reserves in the soil area occupied by
the roots. A reduction in leaf water potential (Ψleaf) reﬂects lower availability of water in the soil or
can even be an indication of water stress (Schultz 2003; Deloire et al. 2004). However, severe water
stress did not occur during the data collection period, (see supplemental data, S.2). Grapevines
close their stomata to reduce water loss; however, a prolonged closure leads to a reduced
photosynthesis, reduced sugar accumulation and ﬁnally resulting in a reduced wine quality (dos
Santos et al. 2007).
There was no signiﬁcant diﬀerence in leaf water potential (Ψleaf) between the tree species used
in this study. There was no competition for water in the AF systems, but rather the opposite, since
the mixed cropping combination RO lead to a signiﬁcant reduction in leaf water potential and,
therefore, to an easing of competition for water. Apparently, water relations of the grapevine
cultivar Riesling can be improved by AF under these conditions. According to Bayala and Wallace
(1996), trees may aﬀect the availability of water to crops in an AF by improving soil physiological
properties, reducing runoﬀ and soil surface evaporation as well as intercepting rain. Trees have a
deep root system with a consistent framework of large perennial roots and many short-lived
branch roots (Pallardy 2008). By contrast, roots of grapevines are mostly located in the top
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Figure 7. Aroma and sensory descriptions for the matured wines, of the diﬀerent cultivation systems (a) ( ) Riesling, ( )
Riesling/oak; ( ) Riesling/poplar and (b) ( ) Sauvignon Blanc; ( ) Sauvignon Blanc/oak; ( ) Sauvignon Blanc/poplar, as
determined by the tasting panel. Mean values are shown for the two appointments (n = 10; 12). Riesling and Sauvignon Blanc
act as control.

60 cm of the soil, these ﬁne roots do most of the water and N acquisition (Jackson 2008). Cannell
et al. (1996) suggested a ‘biophysical hypothesis’ for agroforestry research. They assumed that
beneﬁcial eﬀects by growing trees in combination with crops only occur when the trees were able
to acquire resources like water, light and nutrients that the crops would otherwise not acquire.
Overall, the present results indicated that, tree roots could provide Riesling grapevine roots with
water from deeper soil layers. These phenomena is a so-called ‘hydraulic lift’, a process, of passive
soil – water movement from deep – moist to shallow – drier soil layers, driven by the water
potential gradient (Caldwell et al. 1998). In addition, trees can act as windbreakers and shielding
the soil from radiation and wind (Bayala and Wallace 1996). Therefore, trees slow the movement of
wind and air circulation, leading to reduced evaporative, while, the distribution and utilization of
water is improved (Davis and Norman 1988; Jose et al. 2004).
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The δ13C method is an integrating measure for characterizing the water supply from the time of
development to the time of harvest of the plant material studied (Gaudillere 2002). It is determined by
the gradient of CO2 in the atmosphere and the intercellular CO2 concentration of the leaves (Ci /Ca).
This ratio is mainly inﬂuenced by water availability (Farquhar et al. 1989). Our results did not show
signiﬁcant diﬀerences in the abundance of δ13C in the grapevine leaves between the cultivation types
(Figures 4(a) and 4(b)). This ﬁnding supports our conclusion from Figure 2, that there was no
competition for water in the studied AF system. Moreover, these results clarify that, the overall water
availability during the vegetation period was suﬃcient for the grapevines.

Cultivation in AF can improve N nutrition of grapevines
When Riesling and Sauvignon Blanc grow with trees, the total leaf N concentration signiﬁcantly increased
in combination with oak and slightly increased in combination with poplar (Figure 3(a) and 3(b)) The
nitrogen isotope composition [δ15N‰] of the leaves demonstrated (Figure. 4(a) and 4(b)) that the
monoculture of both Riesling and Sauvignon Blanc had the highest abundances. This is an indicator
for the amount of the isotope, which was taken up by the plant (Robinson 2001). At the ﬁrst glance, this is
contradictory to the net uptake capacities of N that were reduced in the AF systems, whereas the N
concentrations of the leaves were enhanced. So far, we just can hypothesize about this discrepancy. The
diﬀerences in nNUC may not reﬂect the actual uptake of organic and inorganic N compounds due to
diﬀerent availabilities in the soil. The diﬀerent N contents could result from diﬀerent uptake capacities.
Furthermore, environmental factors have major impacts on the uptake of N by the roots. Our measurements took place at one time point in summer, but the leaves developed earlier in the vegetation period.
Therefore, we cannot exclude that net uptake capacities were diﬀerent between monocultures and AF
system at other time points and diﬀerent N-pools, with diﬀerent N forms and quantities were built
throughout the year. Finally, the N content of leaves in a perennial woody plant greatly depends on
stored resources in the plant that are mobilized in spring (Dickson 1989; Millard and Grelet 2010).
Therefore, the N content of leaves often reﬂects the net uptake capacities of the previous year. The net
N uptake capacity of the current year rather determines the extent at which storage pools in the stem are
reﬁlled.

What can be concluded from the diﬀerences in leaf δ15N abundance between
monocultures and agroforestry system cultivation of grapevines?
The N isotope composition [δ15N‰] of the leaves is an indicator for the origin of N acquired by the
plant (Robinson et al. 2000). From the results it may be concluded that the N taken up from the soil
was less subjected to biological N2 ﬁxation by free living soil-microbes, when the grapevine was
grown in combination with trees. However, the diﬀerences observed may also result from (a)
diﬀerent N isotope fractionation processes during uptake, transport and metabolite transformation
of soil N sources (Schmidt et al. 2015) and/or (b) diﬀerences in the availability and use of inorganic
versus organic N compounds in the soil (Näsholm et al. 2009). In addition, plants can change their
preference for diﬀerent N forms (e.g. NO3− versus NH4+) with diﬀerent nitrogen isotope composition in response to environmental conditions, but also to management practices, such as fertilization or harvest, that can shift to proportionate uptake rates of NO3− and NH4+ (Högberg 1997;
Pardo et al. 2002). However, the origin of the N isotopes and the δ15N of the major N compounds in
the xylem sap, which were taken up by the plant for N assimilation, remain unknown.

Water and nitrogen consumption of grapevine is not inﬂuenced by agroforestry cultivation
Water and fertilizer management, especially for N, are strongly linked to each other, in a way, that
changes in one parameter will aﬀect the eﬃciency of the other. This means, the more water is
available for plants, the more available nitrogen can be taken up by the roots and therefore be
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Figure 8. Schematized conclusion of the eﬀects of trees on the grapevine in an agri-silvicultural system. Nitrate and
ammonium is increased in mixed cropping system; no diﬀerence in water potential, therefore no water stress in mixed
cropping system; comparable wine quality in both cropping systems. Abbreviations; blue arrow, increase in absorption level;
red arrow, change in both directions; green arrow, no change.

retrievable for the plant. From a comparison of Figure 2(a), 3(a) and 3(b), this conclusion can be
supported. However the extension is variety dependent. In the mixed cropping varieties of Riesling in
combination with oak and poplar, the leaf water potential (Ψleaf) was signiﬁcantly lower (Figure 2(a)
and 2(b)) simultaneously the total leaf N-concentration was higher; similar tendencies can be seen in
Sauvignon Blanc but the results are not statistically signiﬁcant.
The C:N ratio in Figures 3(e) and 3(f) describe the proportion of carbon (C) and N in leaves of the
six diﬀerent AF systems studied. The smaller the ratio, the more N is available. This implies that the
combination with the smallest C:N ratio, had the highest net N uptake, a change in water or nitrogen
supply results in a C: N ratio imbalance (Chen et al. 2015). According to our results no statistical
diﬀerences were detected between monoculture and mixed cropping systems, again disproving a
competition for nitrogen and water. The concluding physiological inﬂuences and changes of trees on
and grapevines in relation to water and nitrogen, as summarized in Figures 2–5, are shown as a
schematic Figure 8.

Chemical attributes of Riesling and Sauvignon Blanc are slightly changed when grown in
an AF system
The inﬂuence of the trees on the wine is variety dependent (Table 1). The PCA in Figure 6 indicates
that these changes were minor (RO: total acid, RP: lactic acid and sugar; SO: pH and sugar, SP: total
acid) when AF systems were compared to monocultures. Trees inﬂuenced mainly sugar and acid
concentration of the wine. Nevertheless, the results indicate that the sugar to acids balance, that
primary contributes to ﬂavour (Liu et al. 2006; Conde et al. 2007), is inﬂuenced by both tree
varieties. Tartaric and malic acid account for two-third or even more of all organic acids in grapes
determining the pH of wine (Kliewer 1966; Waterhouse et al. 2016). To conclude, after this ﬁrst hint,
more studies have to be done to exactly clarify which tree may inﬂuence which wine parameter.
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The aroma and sensory evaluation of Riesling (Figure 7(a)) and Sauvignon Blanc (Figure 7(b)),
indicate only small tendencies towards an increase or decrease of single aroma compounds.
Habran et al. (2016) reported that a mild water deﬁcit and moderate N availability aﬀected berry
metabolism towards the synthesis of phenolic and aroma compounds. Chapman et al. (2005) and
Habran et al. (2016) found that vegetal aroma contributes, especially bell-pepper, is reduced under
water deﬁcit whereas fruity aroma descriptors were higher under these conditions. However, this
cannot be proven because there was no water stress for the vines, and there were no signiﬁcant
diﬀerences detected in tasting. Only tendencies prove small changes in the aroma components of
the wine (Figure 7). Several hundreds of volatile compounds contribute to wine aroma, with
concentrations ranging from several mg L−1 to a few ng L−1, sometimes even less (Francis and
Newton 2005; Conde et al. 2007). The olfactory threshold and the perception of these compounds
can vary considerably. Many complex mechanisms that are involved in the development of aroma;
these may include biochemical, cultural and enzymatic factors, as well as viticultural management
practices during growth, processing and fermentation (González-Barreiro et al. 2015). This is the
reason, why aromas are diﬃcult to study (Francis and Newton 2005; Ribéreau-Gayon et al. 2006). As
a quintessence only slightly diﬀerences of the chemical attributes and the aroma components of
the wines were detected in the AF systems (Table 1; Figures 6 and 7).

Conclusions
Mixed cropping systems of grapevines (Vitis vinifera L. cv. Riesling and Vitis vinifera L. cv. Sauvignon
Blanc) with oak (Quercus petraea) and poplar (Populus tremula × P. alba) revealed that the presence
of the trees increased leaf water potential Ψleaf of the neighboured Riesling but not of Sauvignon
Blanc. Furthermore, N availability and acquisition by grapevines increased with cultivation in
combination with trees in agroforestry systems. We conclude from these outcomes that, at least
under the conditions of this study, there was no competition in this type of agri-silvicultural system
with regard to water and N in two diﬀerent years. Rather, the diﬀerent plant species supported
each other in their net N uptake capacity. In addition, trees do not signiﬁcantly aﬀect qualityassociated chemical attributes of the wines and their related quality. The sensory attributes of the
wines were similarly good in both cultivation systems. These ﬁndings suggest that an agrisilvicultural system could be useful for practical implementation towards a resource-preserving
production of high quality wine.
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