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Abstract: 13C discrimination (A3C) has been used in research as an indicator of water availability in
crops; however, few data are available concerning fruit trees. The aim of this study was to examine
the effect of irrigation on the A'3C values of apple leaves. We assumed that A'3C would increase with
irrigation intensity. The A'3C of apple trees (Malus domestica) cv. ‘Red Jonaprince’ was determined in
the years 2019-2022. Leaf samples were collected in spring, in June, at the beginning of the irrigation
campaign, and in autumn, in September, following the harvest. The irrigation doses were applied
to replenish the water consumption, 0% (ET0), 50% (ET50), 75% (ET75), and 100% (ET100), of the
calculated evapotranspiration (ET) levels. In November, the leaves collected from different positions
on the shoots were sampled, assuming the A'*C signature would reflect the changes occurring in
the water supply during their growth. The irrigation rates had a significant effect on the A'3C of the
leaves when the data for the spring and summer months were pooled. On average, A'3C increased
from 20.77 %o and 20.73%. for ETO and ET50, respectively, to 20.80%. and 20.95%. for ET75 and ET100,
respectively. When the data obtained for the spring and summer months were analysed separately,
the effect of irrigation was weak (p < 0.043). The A'3C value was always higher for treatment ET100
than treatment ETO, for individual experimental years and terms; however, the differences were
minor and mostly insignificant. The leaf position had a strong significant effect on ABC; the values
gradually decreased from the leaves growing from two-years-old branches (22.50%o) to the youngest
leaves growing at the top of the current year’s shoots (21.07%o). This order was similar for all the
experimental years. The results of the experiment suggest that '3C discrimination in apples is affected
not only by water availability during growth, but also by the use of C absorbed in previous years.

Keywords: ABC; §1°N; AWC; evapotranspiration; leaf position

1. Introduction

The supply of available water is one of the main limiting factors of yield in non-
irrigated, rain-fed agriculture on much of the world’s agricultural land. Fluctuations in
precipitation and increasing evapotranspiration levels due to higher temperatures result
in the frequent occurrence of periods of water shortage during the growth of crops with
impacts on the yields and yield stability. The demand for irrigation water is increasing;
however, water supplies provided for irrigation purposes are likely to decrease, even in
regions such as central Europe, with mild, temperate climates [1-4]. The high intensity of
cultivation and climate changes increase the demands for the supplemental irrigation of
fruit trees, hops, and vines, which, in the past, were not grown under irrigation. Irrigation
doses and timing for fruit trees in farm praxis are based on the tree’s requirements for
water, obtained from the empirical data for given soil climate and production conditions or
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calculated as water loss by the evapotranspiration process. Less frequently, the need for
supplemental irrigation is derived from soil moisture sensors or plant data [5-8]. Frequent
droughts and the shortage of water resources, especially in the 21st century, have resulted
in the pressure to conserve water used for irrigation purposes. More data on this subject
are needed, to allow for a comprehensive assessment of the irrigation effects on fruit trees.

An opportunity to indirectly assess water availability to and management by plants
provides the 13C discrimination (5'*C, A'3C) of plants. Plants reduce water losses through
transpiration by closing their stomata. This modifies the concentrations of CO, present
inside their leaves and leads to changes in the >C and '2C isotopic ratio [9]. The §'C value
is calculated from the '>C and !'3C contents; for the description of the changes occurring
in the 13C discrimination, A'3C is computed from §!3C using the isotopic composition
of the atmosphere [10,11]. The enrichment of the leaf tissue with 13C indicates moisture
deficits. The A'®C value has been used in recent decades as an indicator of water stress and
as a possible selection trait for selecting tolerant or adaptable crop genotypes, including
fruit trees [6,12-14]. The natural discrimination of 'C integrates water availability effects
on a plant in the long term, which has its advantages and disadvantages in comparison
with the methods that determine the actual status of plants. According to Glenn [15], the
13¢C response is not linked to short-term environmental conditions but, rather, to the tree’s
accumulated response to them via stomatal regulation. A higher A'>C value (corresponding
to a better water supply) suggests greater photosynthetic activity as a precondition for
attaining a higher yield. As a result, a correlation between the yield and A'3C value was
observed in crops, especially when plants grown under strong stress and optimal conditions
or under irrigation were compared [12,16].

In comparison to field crops, fewer A'3C data have been published in the literature for
fruit trees, wines, or hops in relation to water supply and irrigation activities [6,13,15,17].
For example, Brillante et al. [18] proposed A'®C as an alternative to traditional measure-
ments of water status to capture the spatial variability of the physiological traits at the
vineyard scale. Several authors have shown that *C discrimination is related to water use
efficiency (WUE) in herbaceous plants and also in fruit trees [6,15,17,19]. In the case of apple
trees, the assessment of WUE, a key element of irrigation management, is complicated by
the commonly practiced fruit thinning during growth [20-22].

The '3C discrimination cannot be used for operational irrigation management, but can
provide useful additional information on the effect of water supply over a longer time series,
possibly even from the previous growing season. Interpretation of soil moisture or leaf
water status monitoring data also requires the integration of instantaneous values, including
assigning different weights to these values over the course of the day and over longer
periods. The main objective of this study was to examine the effect of increasing irrigation
doses on the A3C of apple leaves. We assumed that the A'3C signature significantly
distinguished between treatments with irrigation from a rain-fed control, apple trees
dependent only on precipitation.

We hypothesise that high irrigation rates balance the differences in leaf A'3C values
during the experimental years (differing in water supply from rainfall), compared to non-
irrigated trees. We also verify whether different supplies of irrigation water during the
growth stage can be reflected in the A'3C signatures of leaves of the different positions on
apple shoots.

2. Materials and Methods
2.1. Site Characteristics

The four-year experiment (2019-2022) was conducted in Holovousy (50.3733847 N,
15.5798914 E), in East Bohemia, the Czech Republic. The experimental apple orchard of the
Research and Breeding Institute of Pomology Holovousy is situated 302 m above sea level
on Haplic Luvisol soil, and the slope value is 2.09°. The water table is approximately 5 m
deep. Soil and agrochemical conditions are presented in Table 1. The soil characteristics
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were the averages obtained from soil samples collected in the years 2019 and 2020; the
wilting point was calculated from the soil texture data.

Table 1. Soil and agrochemical data for the orchard located in Holovousy.

. Volume @ wrp ) @) Corg Available Nutrients @
Soil Layer Texture Weight FWC ™ wWp AWC Total N pH (KCI) P, K, and Mg
cm - gm3 % vol. % vol. % - Mg kg~ !
31.9 1.53 6.32 124.20
0-30 Silt loam 1.45 13.3 18.6 0.16 260.80
214.70
34.1 0.90 6.42 11.60
30-60 Silt loam 1.42 14.1 20.0 0.10 147.50
191.20
33.0 0.33 6.37 1.60
60-90 Silt loam 1.45 14.9 18.1 0.05 121.80
162.50

() Field water capacity; @ wilting point; © available water capacity; ® P, K, and Mg, Mehlich IIL.

The site was located in a temperate-climate region, with a mean annual temperature
(1964-2021) of 8.8 °C and rainfall level of 664 mm; the respective mean values of the experi-
mental years (2019-2022) were 9.7 °C and 606 mm (Figure 1). Reference evapotranspiration,
ET (Penman-Monteith equation) was, on average, 560 mm, with a maximum month sum
calculated from June to August (81-95 mm). The water balance level was calculated as
the precipitation minus ET. The negative water balance and deficit levels mostly occurred
during summer.
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Figure 1. The month temperature (A) and month sums of precipitation (B); precipitation (C) and
evapotranspiration (D) accumulated from January, in the years 2019-2022.

2.2. Layout of the Orchard and Experimental Irrigation Treatments

In this study, apple trees (Malus domestica) of the Red “Jonaprince’ variety, planted in the
year 2013, were monitored in the years 2019-2022. The cultivation form is a slender spindle
with a “click” pruning modification. The trees were planted in a spacing of 3.5 x 1.2 m
with a 1.5 m wide herbicide strip placed under the crown of the trees and the grass strips
between the rows of tree. The rows of trees in the orchard are situated in a north-south
direction and are parallel, always at the same distance from each other. The orchard was
fertilised annually with the same dose of NPK fertiliser (16.5/16.5/16.5): 769 kg ha~!. Half
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of the dose was applied to the soil’s surface on the herbicide strips in April, and the other
half at the beginning of June.

The irrigation treatments ET100, ET75, and ET50 were examined, representing 100%,
75%, and 50% of the calculated actual evapotranspiration (ETc) value in April-September,
respectively (Figure 2). A non-irrigated ETO treatment served as the rain-fed control. These
treatments were situated in the part of the orchard that was not protected by a net.
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Figure 2. Daily precipitation sums and calculated actual evapotranspiration (ETc). Irrigation doses in
treatment ET100 are presented.

The irrigation doses were calculated as the balance difference between the ETc and
the observed amount of precipitation. The distribution and rates of irrigation during the
vegetation period in the experimental years depended on the factors of temperature, evap-
otranspiration, and distribution of precipitation during the year. The ETc was calculated
using the agrometeorological model AVISO (“Agrometeorological Computing and Informa-
tion System”) used in the Czech Agrometeorological Institute for water balance calculations
for various crops and fruit trees. The model is primarily intended for the analysis of cases
with a prevailing precipitation deficit. Evapotranspiration is calculated in a daily step
using a modified procedure according to the Penman-Montheith algorithms [23-25]. The
daily data for weather characteristics obtained from a meteorological station located in
the experimental orchard were used for calculation of ETc. The soil moisture data were
continuously monitored using Virrib sensors (Amet, Velké Bilovice, Czech Republic) [8].
The sensor is based on the TDR method and consists of two stainless-steel concentric circles
placed horizontally into a soil depth of 30 cm. The soil moisture data obtained from the
sensors during treatments ET100, ET50, and ETO are presented in Figure 3. The available
soil water content (ASWC) was expressed as the ratio of actual ASWC to the maximum
ASWC at field capacity.

The irrigation treatments were performed in sections consisting of 17 trees in a partic-
ular row, randomly determined at the beginning of the experiment (this experiment also
included other variants—sections of rows and neighbouring rows for which '3C analysis
was not performed). Irrigation drip lines were guided along one side of the tree trunk at a
height of 40 cm. The distance between the water emitters on the drip lines was 50 cm and
the emitter capacity was 2.3 L per hour. Irrigation was conducted from April to September,
on the same days for all treatments, in small doses of 6-9 mm, 2 to 3 times per week,
to ensure the uniform absorption of water into the soil and to prevent possible seepage
beyond the root zone.

The total water received by the apple tree during the ET100 treatment in 2019 was
548 mm (298 mm irrigation + 250 mm rainfall); in 2020, it was 556 mm (54 mm irrigation
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+ 502 mm rainfall); in 2021, it was 606 mm (196 mm irrigation + 410 mm rainfall); and in
2022, it was 616 mm (273 mm irrigation + 343 mm rainfall). The ET50 and ET75 treatments
received 50% and 75%, respectively, of the applied irrigation rates of ET100.
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Figure 3. The course of relative available soil water content (actual SWC/ASWC at FWC) based on the
data collected from the sensors during treatments ET0, ET50, and ET100 in the experimental years.

2.3. Terms of Sampling of Apple Leaves
2.3.1. Experiment A

Leaves with petioles were sampled in three replications, from approximately half
the height of the tree crown in spring (June) and summer (September). At least 10 leaves
were obtained for each replication. The leaves from both sides of a row were collected.
The sampling terms in the experimental years were 3 (2019), 17 (2020), 5 (2021), and
6 (2022) June, and 12 (2019), 12 (2020), 16 (2021), and 2 (2022) September. The spring and
summer samplings were conducted during the developmental stages BBCH 70-72 and
BBCH 81-83, respectively.

2.3.2. Experiment B

The leaves of five classes, corresponding to their positions on the branches, and current
year shoots were sampled for the ET0, ET50, and ET100 treatments. The sampling was
performed in autumn (BBCH 90-91), on 11 November 2019, 26 October 2020, 10 November
2021, and 11 November 2022. Leaves growing from branches that were two of more years
and one year old were designated L1 and L2, respectively. The leaves growing at the
base, middle, and top of the shoots growing in the current year were labelled, in order,
from L3 to L5, respectively (Figure 4). Leaves were sampled in two replications. At least
10 leaves were obtained from the respective positions from at least five trees. The leaves
were sampled from branches on the same side (East) of the tree rows.

2.4. Chemical Analysis of the Leaves

Chemical Analysis

The whole leaves (including petioles and veins) obtained from experiments A and
B were dried and homogenised into a fine powder in an MM301 ball mill (Retsch, Haan,
Germany). The ratio of 13C and 12C, N and N, and the contents of total N and C were
determined on an elemental analyser coupled to an isotope-ratio mass spectrometer EA
Vario PYRO cube (Elementar, Langenselbold, Germany) with IRMS Isoprime precisION
(Elementar, Manchester, UK). The values of §'3C, A13C, and §'°N were calculated [10,11,26].
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Figure 4. The scheme of branches and shoots where the leaves obtained from different positions on
the tree, from L1 to L5, were sampled.

2.5. Statistical Analysis

The effects of water treatment, year, and the term of sampling (spring, summer) on
the A13C values were examined using two- (pooled data from two sampling terms) or
three-way analysis of variance (ANOVA) tests. The A'3C data had a normal distribu-
tion. The differences among the mean values were evaluated using Tukey’s HSD test (at
p < 0.05), where ANOVA presented a significant effect. Linear regression analysis was also
performed, and Pearson’s correlation coefficient (r) was calculated for the characteristics
under examination. STATISTICA 14 program (TIBCO software, StatSoft, Inc., Tulsa, OK,
USA) was also used.

3. Results

In the four-year experiment, the effect of irrigation rates on the '3C discrimination
(A'3C) of apple leaves obtained from apple trees was studied. The leaves were collected in
the months of June (spring) and early September (summer) (Experiment A) and in autumn,
November (Experiment B).

3.1. The Effect of Irrigation on A'3C—Experiment A

Irrigation rates had a statistically significant impact on the A'C values when the data
obtained for spring and summer were pooled (p = 0.002) (Table 2). On average, the ABC
of leaves increased from 20.77 %o and 20.73 %o in ET0 and ET50 to 20.80%. and 20.95%. in
ET75 and ET100, respectively. The average A'3C values for ET0 and ET50 were significantly
different from ET100. However, within a year, the values for A'*C were not significantly
different among the treatments.

When the A'®C data collected from the two sampling terms were analysed separately
in the study, the effect of irrigation was marginally significant (p = 0.039 and p = 0.043)
(Table 3). During the individual experimental years and terms, A3C was always higher in
treatment ET100 than in ETO; however, the differences were mostly minor (especially in
spring 2019 and 2022, and summer 2021 and 2022) and insignificant.

The analysis showed a strong effect of the year on leaf A>C. The effect of the con-
ditions experienced during the year was apparent in all treatments and in both terms
(Tables 2 and 3). On average of treatments and sampling terms, the highest A'3C value,
21.29%0, was observed in 2021, and the lowest, 20.45 %o, in 2020.

The year-to-year variability of A3C did not show a dependence on the irrigation
intensity. The coefficients of variance for the ABC year data were 1.59%, 2.01%, 1.62%,
and 1.89% from ETO through ET100, respectively, in spring, The corresponding summer
coefficients of variance were 1.51%, 1.02%, 1.40%, and 1.24%.
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The difference between ET0 and ET100 was greater in summer than in spring in 2019
(—0.02%0 against —0.27%o) and 2020 (—0.09%0 against —0.46%.), which means the A'3C
increased more in ET100 than in ETO, between spring and summer. In the rainy year of
2021, the difference changed conversely (—0.30%. against —0.16%.) and a nil effect was
observed in 2022.

The effect of irrigation on fruit yields was not significant [27]. Average yields for
variants ETO, ET 50, ET75, and ET100 for the years 2019-2022 were 26.48, 29.85, 29.18, and
26.15 kg tree . That means WUE decreased with increasing irrigation rates. In individual
years, yields fluctuated slightly, for example, in 2022, yields of 26.02, 29.90, 25.60, and
23.21 kg tree—! were recorded for variants ETO0, ET 50, ET75, and ET100, respectively.

Table 2. The analysis of variance for the effect of irrigation treatments, year, and the term of sampling
on the A3C of apple leaves. The means within the same factor or the factor’s interaction followed by
different letters are significantly different (p < 0.05).

Factor p Factor ABC Std. Deviation
Level %o %o
Treatment 0.002 ETO 20.77 0.38 b
(Treat) ET50 20.73 0.37 b
ET75 20.80 0.36 ab
ET100 20.95 0.38 a
Term 0.867 Spring 20.82 0.40
Summer 20.81 0.35
Year <0.001 2019 20.80 0.21 C
2020 20.45 0.27 b
2021 21.29 0.19 a
2022 20.72 0.22 C
Average 20.81 0.38
Year x Term <0.001 2019 Spring 20.86 0.20 b
2019 Summer 20.73 0.21 b
2020 Spring 20.30 0.17 C
2020 Summer 20.61 0.27 b
2021 Spring 21.32 0.18 a
2021 Summer 21.26 0.21 a
2022 Spring 20.79 0.13 b
2022 Summer 20.64 0.27 b
2019 ETO 20.80 0.24
Year x Treat 0.801 2019 ET50 20.64 0.10
2019 ET75 20.81 0.23
2019 ET100 20.95 0.15
2020 ETO 20.36 0.28
2020 ET50 20.44 0.27
2020 ET75 20.39 0.16
2020 ET100 20.63 0.33
2021 ETO 21.23 0.15
2021 ET50 21.23 0.27
2021 ET75 21.24 0.14
2021 ET100 21.46 0.12
2022 ETO 20.72 0.22
2022 ET50 20.61 0.19
2022 ET75 20.76 0.27
2022 ET100 20.78 0.20
Treat x Term 0.675

Treat x Term X Year 0.495
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3.2. The Effect of Irrigation on A'3C—Experiment B

The significant effect of a leaf’s position on the average A'3C value was observed in
Experiment B (p < 0.001) (Table 4). The average values of A13C decreased from the L1 leaves
to youngest ones at the shoot apex (L5), and were 22.44 %o, 21.74%o, 22.05 %o, 21.37 %o, and
21.00%o, respectively. The course of the decrease in A'3C from L1 through L5 was similar in
the years 2019-2021 and slightly different in 2022 (Figure 5). The values of A*C for L1 and
L2 leaves were significantly higher than those for L4 and L5 in all the experimental years.

Table 3. The analysis of variance for the effect of irrigation treatments and year on the ABC of apple
leaves for spring and summer terms of sampling. The means within the same factor or factor’s
interaction followed by different letters are significantly different (p < 0.05).

Spring Summer
ABC Std. Deviation Factor ABC Std. Deviation
Factor p Factor Level % %0 Factor p Level % %
Treatment  0.039 ETO 20.80 0.39 ab Treatment  0.043 ETO 20.75 0.39 a
(Treat) ET50 20.72 0.45 b (Treat) ET50 20.73 0.29 a
ET75 20.83 0.39 ab ET75 20.78 0.36 a
ET100 20.92 0.42 a ET100 20.99 0.34 a
Year <0.001 2019 20.86 0.20 b Year <0.001 2019 20.86 0.20 b
2020 20.30 0.17 c 2020 20.30 0.17 b
2021 21.32 0.18 a 2021 21.32 0.18 a
2022 20.79 0.13 b 2022 20.79 0.13 b
Average 20.82 0.40 Average 20.81 0.35
Year x 0.289 2019 ETO 20.96 0.03 Year x 0.835 2019 ETO 20.63 0.26
Treat 2019 ET50 20.66 0.15 Treat 2019 ET50 20.61 0.06
2019 ET75 20.85 0.27 2019 ET75 20.78 0.23
2019  ET100 20.99 0.16 2019 ET100 20.91 0.17
2020 ETO 20.29 0.36 2020 ETO 20.42 0.23
2020 ET50 20.21 0.08 2020 ET50 20.67 0.14
2020 ET75 20.31 0.08 2020 ET75 20.48 0.19
2020  ET100 20.38 0.02 2020 ET100 20.88 0.30
2021 ETO 21.19 0.18 2021 ETO 21.27 0.15
2021 ET50 21.37 0.06 2021 ET50 21.10 0.35
2021 ET75 21.24 0.21 2021 ET75 21.24 0.06
2021  ET100 21.49 0.14 2021 ET100 21.42 0.11
2022 ETO 20.76 0.03 2022 ETO 20.67 0.34
2022 ET50 20.66 0.15 2022 ET50 20.56 0.26
2022 ET75 20.92 0.10 2022 ET75 20.61 0.32
2022 ET100 20.82 0.01 2022 ET100 20.74 0.31
24.0
2019 2020
230
N —ETO0 ET50 —ET100
&
<

220
21.0 \

20.0
24.0
2021 2022

23.0
22.0 \\/\\ \4
21.0
20.0

L L 13 LS 1 12 13 L4 s

Leaf position

Figure 5. The effect of irrigation treatments on values of A'C at successive positions on apple shoots.
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Table 4. The analysis of variance for the effect of irrigation treatments, year, and the position of leaves
on the A13C of apple leaves (ANOVA). The means within the same factor or the factor’s interaction
followed by different letters are significantly different (p < 0.05).

ABC Std. Deviation

Factor P Factor Level %, %
Year <0.001 2019 21.74 0.66 b
2020 21.30 0.57 c
2021 22.05 0.59 a
2022 21.78 0.54 b
Treatment 0.022 ETO 21.69 0.56 b
(Treat) ET50 21.66 0.63 b
ET100 21.81 0.73 a
Leaf position <0.001 L1 22.50 0.40 a
L2 21.78 0.41 b
L3 21.94 0.39 b
L4 21.31 0.36 c
L5 21.07 0.47 d
Average 21.72 0.64
Year x Leaf 0.001 2019 L1 2244 0.31 ab
2019 L2 21.92 0.24 bcd
2019 L3 22.20 0.31 b
2019 L4 21.34 0.26 ef
2019 L5 20.83 0.22 fg
2020 L1 22.05 0.20 bc
2020 L2 21.22 0.27 ef
2020 L3 21.60 0.14 de
2020 L4 21.02 0.33 f
2020 L5 20.62 0.38 g
2021 L1 22.93 0.23 a
2021 L2 22.05 0.17 bc
2021 L3 22.32 0.09 b
2021 L4 21.63 0.21 de
2021 L5 21.34 0.14 ef
2022 L1 22.60 0.15 ab
2022 L2 21.93 0.23 bed
2022 L3 21.62 0.17 de
2022 L4 21.23 0.27 ef
2022 L5 21.49 0.33 de
Treat x Leaf 0.409 ETO L1 22.40 0.44
ETO L2 21.63 0.40
ETO L3 21.88 0.33
ETO L4 21.39 0.34
ETO L5 21.14 0.35
ET50 L1 22.46 0.37
ET50 L2 21.79 0.38
ET50 L3 21.91 0.31
ET50 L4 21.18 0.31
ET50 L5 20.97 0.31
ET100 L1 22.66 0.39
ET100 L2 21.91 0.45
ET100 L3 22.02 0.53
ET100 L4 21.35 0.42
ET100 L5 21.10 0.69
Year x Treat 0.013

3-way interaction 0.617
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The values of A3C were significantly affected by the experimental year (p < 0.001),
with the highest average values presented in 2021 and the lowest in 2020, similar to the
leaves sampled in spring and summer.

The average values of A'3C were significantly higher in ET100 than in ET0; however,
during the individual years, the effect was significant only in the year 2019. At the level of
individual leaves’ positions, the A'3C value of L1 for all three irrigation treatments was
significantly higher than in the other positions, and the A'3C values for L1, .2, and L3 were
significantly higher than the A'3C values for L4 and L5, also in all treatments (Table 4).

Similar to the spring and summer samplings, the comparison of A3C in ET0 and ET100
did not show that the highest doses of irrigation (ET100) balanced the A'3C differences
among years. The coefficient of variance for A3C in the experimental years was higher in
all leaf positions in ET100 (on average 1.99%) than in ET50 (1.17%) and ETO (1.37%).

3.3. The Relationships between A'3C and the Contents of N and C and 5'°N of Apple Leaves

In Experiment A, the '3C discrimination of apple leaves in all experimental years
presented a significant relation to the contents of N (r = 0.76, p < 0.001, N = 32) and C
(r=0.53, p =0.002, N = 32) in the leaves. The scatter plots suggest different slopes of the
regression line in the experimental years, especially for A'3C and C or N contents (Figure 6).
The plots also present an apparent divergence of §'°N values in 2019 from the other years.
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Figure 6. The relationships between A'3C, §1°N, and the contents of N and C of apple leaves. The
data for both spring and summer sampling terms (Experiment A) are presented.
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In Experiment B, the correlation analysis of the data obtained from all the experimen-
tal years showed significant negative relationships between A3C and §'°N (r = —0.61,
p <0.001, N = 60) and between A'>C and C content (r = —0.41, p = 0.001, N = 60). The
correlations between the values of A13C, §1°N, and the contents of N and C of apple leaves
were different from Experiment A due to a strong relationship between the leaf position
and the data of analysis.

When averaged by year, the values of A'3C decreased from leaf L1 to L5, while N and
C contents increased until L4 and decreased for L5 (Figure 7). The average values of §'°N
increased from L1 through to L5: 2.12%o, 2.21 %o, 2.38 %o, 2.84 %0, and 3.76 %o, respectively.
The difference was the greatest in 2020, when §'°N reached 5.33-5.66 %o in the youngest
leaves (L5), 3.42-3.94 %o in L4, and 2.17-2.73 %o in the others leaves. The N content increased
to L4 (1.91%) but decreased again in the youngest leaves L5 (1.79%), to the levels of
L1-L3 (1.76-1.80%). Similarly, the C content increased from L1 to L4 (47.75 to 50.35%) and
decreased again in L5 (49.79%).
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Figure 7. The values of A'3C, §!°N, and the contents of N and C of the apple leaves averaged over
years in Experiment B.

4. Discussion
4.1. The Effect of Irrigation Rates on A13C

The four-year study presented here was aimed at obtaining the '3C signature of apple
leaves under increasing irrigation rates. We assumed that the 1*C discrimination of apple
leaves would differentiate among treatments using different water supplies.

The effect of irrigation on A'3C was confirmed when the data collected from spring
and summer were pooled; however, the effect was weak in the spring and summer data
(p < 0.043) and the analysis did not substantiate the significant effect of irrigation in the
individual years (Tables 2 and 3). It should be noted that A'*C was higher in ET100 in
comparison to ET0 in all years and terms of sampling; however, the differences were mostly
minor, except for the summer months in 2019 and 2020 (0.27 %o, 0.46%0) and spring 2021
(0.30%0), and insignificant. Even the greatest differences between the non-irrigated and
fully irrigated treatments we observed were minor, in comparison to the data collected
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from irrigated and rain-fed or stressed crops [12,28] and fruits [13,29]. The weak effect of
increasing irrigation doses on A3C corresponded to an insignificant effect on fruit yield in
this experiment. However, unlike '*C discrimination fruit yields were the lowest in ETO
and ET100 [27]. It suggests the yield formation is affected by a complex of factors while the
A'3C increased from ETO to ET100.

According to the theory and published experimental data in the literature, the shortage
of water increases plant '3C content (the value of A'>C decreases). The relationship is so
strong and robust that it has been used to reconstruct moisture variability a century or
more ago [30,31]. Commonly, in crops growing under water stress conditions, for example,
in (semi)arid areas or under induced water shortage, the values of A'3C, of approximately
13-18%o, were reported in the studies of Wahbi and Shaaban [32], Flohr et al. [31], and
Dalal et al. [33]. On the other hand, for crops growing with a sufficient supply of water or
additional irrigation sources, the A3C value exceeded 20-22%. [28]. However, the results
obtained by Flohr et al. [31] show a large variation in the carbon stable isotope values of
wheat and barley that received similar amounts of water, either as an absolute water input
or as a percentage of crop requirements.

The apple tree data available in the literature on A'3C do not provide such clear, strong
relationships between A3C and irrigation. Glenn [6,15] reported the leaf A'3C values of
orchard apples in the range 18.8-20.5%0 and 18.8-25.5%o, respectively. The author did not
observe a clear effect of irrigation (70% of pan evaporation) on leaf and shoot A'3C values
in studies conducted on ‘Empire” apples [6,15]. Biasuz et al. [14] reported a rather low range
of AB3C values, 17-19 %o, for ‘Honeycrisp” apple leaves under irrigation replacing 110% of
the estimated evapotranspiration levels during the growing season. In our experiment, the
A'3C fell under 20.5% only in ET0, ET50, and ET75 samples in spring 2020. The highest
values of A13C, 21.10-21.49%., were observed during both spring and autumn sampling
terms in 2021. The relatively high levels of A>C suggest the lower sensitivity of apple trees
to water shortages and/or a sufficient amount of available water even in ETO. This result
was also documented by the very small difference between non-irrigated ETO (on average
20.77%0) and ET50 (20.73 %o), irrigated with 50% of water lost by evapotranspiration.

The level of reduced soil water availability having a significant impact on the growth
and yields of crops is usually determined at approximately 40-60% of the available soil
water capacity [7,34]; the irrigation of fruit trees should begin when the soil moisture level
in the effective root zone decreases to less than 40% and 50% of the available water capacity
(AWC). Evidently, numerous factors affect the real impact of certain levels of available
water content [31]. In the present experiment, trees in ET0 grew under 50% of AWC for
only a small portion of the vegetation period in all years. For the majority of the growing
season, trees grew under conditions of higher water content (Figure 3) that contributed
little to A13C.

The experimental data did not conclusively confirm the assumption that the irrigation
during the growth period increased A'3C more in ET100 than in ET0. As a result, the
difference between ET0 and ET100 samples should increase when comparing the A3C
values for spring and summer, especially during dry years. The assumption could be
confirmed in the dry year of 2019 and also in the year 2020, which experienced more rain,
with the lowest A'3C value (Table 4). In 2021, the year with the highest level of A*C for
all experimental years, the difference between the sampling terms was minimal in both
treatments, and in 2022 (with similar precipitation levels as in 2019), the difference between
ETO and ET100 was the same in spring and summer, which might be attributed to the slow
decrease in soil moisture levels in both ET0 and ET100 treatments. These results document,
again, that the effect of irrigation on the A'3C in the experiment, on the edge of evidence.

4.2. The Year Variability of A3C

The conditions experienced during the year had a strong significant effect on A3C in
both sampling terms; however, a clear consistent relationship between A'3C and precipita-
tion or soil moisture levels during the growth period, which could be expected, at least, in
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the non-irrigated control, was not evident. The precipitation was unevenly distributed dur-
ing the vegetation months, which caused a fluctuation in soil water availability (Figure 2)
and complicated our interpretation of the results.

Additionally, the experimental data did not present the clear effect of irrigation on the
variability of A'3C during the treatments. Thus, the assumption that irrigation balances the
year variability of A'3C could not be confirmed. The same conclusion can be determined
from the data presented in Experiment B.

Soil water availability monitored using moisture sensors corresponded slightly better
to the observed year variability of A'3C in ETO than the precipitation sums, as shown in
the results obtained for the year 2020 (Figures 1 and 3). Cumulative precipitation values,
from the month of January, presented a similar input value of rainwater during all years
until approximately mid-June, when stronger rainfall activity occurred in 2020. Therefore,
a low water requirement was calculated in 2020 and irrigation levels were the lowest
(54 mm) in the experimental years; however, the soil moisture levels in ETO and ET50
rapidly decreased, and the decrease was also monitored in ET100 (Figure 2). This probably
contributed to the low A'3C value and increasing difference of A'3C between ET0 and ET100
in the spring and summer sampling terms, as previously discussed. Some discrepancies
between the precipitation sums and sensor data may be the result of soil spatial variability,
the preferential flow of water, and water root uptake distribution [35-37]. Moisture sensors
were placed in the soil at a depth of 30 cm (where the main effect of small irrigation doses
on soil moisture was expected), while the root system of the apple trees reached down
to 80 cm in the experiment [38] and could provide access to an additional water reserve
during episodes without significant precipitation activity.

4.3. The Indices for the Use of Carbon from the Previous Year

The effect of irrigation on the A'3C of leaves was questioned by the fact that differences
among the treatments were observed, not only in summer but also in spring, prior to the
initiation of the irrigation process. Furthermore, the effect of years on A'*C during the
years were similar during the zero-irrigation treatment (ET0) and for trees with a maximal
water supply (ET100).

The values of A'3C integrate the reaction of plants on water availability over a long pe-
riod [15,39], which could be the reason for the ambiguous results. Several authors showed,
using CO; or 13CO, exposure for apple tree during growth, the storage and utilisation
of C in the next season. The importance of roots when storing carbohydrate reserves for
the following season was stressed by Breen et al. [40]. According to Loescher et al. [41],
root reserves increase late in the growing season, and the accumulation of these reserves
is therefore very sensitive to late-season stresses. Conversely, in a pot experiment, Imada
and Tako [42] observed that the concentration of assimilated 3C in late autumn, in the
woody parts, was higher in the trees labelled during the period of vigorous vegetative
growth, compared to those labelled during other growth periods. The use of C assimilated
and stored during the hot and dry year of 2019 may explain the low A'3C in 2020 already
during the spring sampling date. In this context, it may be noted that also the year 2018
was extremely dry and hot, with precipitation levels reaching 55% of the long-term average.
Furthermore, the total root length (corresponding to the mass) of apple trees in the same ir-
rigation experiment was the longest in 2020 [38], probably in response to the water shortage
that occurred in 2019, and the low precipitation levels during winter and at the start of 2020
that were insufficient to refill water reserves in deeper subsoil reserves. The soil moisture
level was approximately 80-90% of AWC for most of the vegetation, even in fully irrigated
ET100 treatment in 2019, in contrast to the other years (Figure 3). Nonetheless, it remains
difficult to explain why the A13C in spring 2020 was lower during all treatments, including
ET100, than in autumn 2019. This highlights the possibility that, during dry years, some
parts of the root system, in over-dried soil, deeper or located horizontally further from soil
wetted by drippers, may signal water shortage conditions, similar to systems of regulated
deficit irrigation or partial root-zone drying [43]. The confirmation of this hypothesis would
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demand the extensive monitoring of the water status of the root zone and leaves during
the growth of apple trees in the orchard, which was not the objective of this study.

4.4. The Effect of Leaf Position (Experiment B)

We assumed that the utilisation of C formed in the previous year could be reflected
in the 13C discrimination of leaves in different positions on a tree corresponding to their
respective age. Older leaves, growing from one-or-more-year-old branches probably utilise
more carbon from their reserves than the youngest leaves located at the apex of annual
shoots, which can use freshly assimilated C [41,44]. Our experimental data confirm the
significant effect of positions of apple leaves on A'>C. The values of A'3C decreased consis-
tently in all years, from the position L1 to the youngest leaves positioned at the apexes of
annual (present year) shoots (position L5).

The average A'3C values were the lowest in 2020 and the highest in 2021 (as in
Experiment A); however, the decline in values from the older to youngest leaves was
similar to the other years (Figure 5). The results suggest the effect of other physiological
processes. For example, Vogado et al. [45] confirmed that emerging leaves (in deciduous
and evergreen species) are initially 1*C enriched compared to mature leaves growing on
the same plant, with their §!°C decreasing during the leaf-expansion process. This is in
agreement with our data; however, to the best of our knowledge, no data on these apples
exist in the literature to confront our results. In annual crops, the interpretation of 1BC
data is more straightforward; for example, Dercon et al. [46] concluded that ABC values
measured in different maize plant parts during harvest can be used as a historical account
of how water availability varies during the entire cropping cycle. However, the effect of
the position and age of the leaves does not explain the higher values of A!3C in leaves in
autumn compared to the data available for spring and autumn leaves.

The difference in A'3C between contrasting variants ET100 and ET0 was expected to
increase with leaf order due to irrigation exposure during the growth period. The results
confirmed this assumption only in 2020; however, in the opposite direction, as the difference
increased from 0.12%o to —0.82%., i.e., A13C was higher in ET100 than in ETO in L1 and
significantly lower in L5. In other years, the differences decreased (in 2019, from 0.56 to
0.13) or were minor.

4.5. The Relationships among A'3C, "N, and N and C Contents of Apple Leaves

The discussion presented above shows the complexity of interpreting the A'3C data.
Other characteristics/analytical data determined for the same leaf samples, 51°N, N and C
contents, could possibly contribute to the description of the conditions in individual years.

The A'3C correlated positively with the content of N in leaves in Experiment A
(Figure 6), which suggests that favourable conditions for the uptake and/or utilisation of
nitrogen were also favourable for sufficient water uptake. In crops, negative relationships
between A'C and N fertilisation were observed as the result of faster water depletion by
fertilised crops with higher LAI[19,47]. Brillante et al. [18] observed a significant correlation
between the A'3C of grape must and leaf nitrogen, and they stated that it was unlikely that
the effect of N could be strong enough to prevent a direct interpretation of A'3C in terms
of plant water stress. Other studies suggest a possible effect of the high sink (fruits) on
photosynthesis and leaf nitrogen [48].

Whole-plant and leaf nitrogen isotope compositions are determined in the research by
the isotope ratio of the external nitrogen source and physiological mechanisms occurring
within the plant [49]. In our experiment, the value of §!°N in leaves was different in 2019,
in comparison with the other years (Figure 6). Low values of §'°N in the dry year of 2019
could be related to a relatively low Ny, supply in 0-90 cm (91 kg N ha~!) and, probably,
to a greater proportion of N received from mineral fertilisers (having lower 5'°N values
nearer to air §'°N), while the conditions in the following years were more favourable for the
mineralisation of N from soil organic matter and plant residues. Figure 6 also documents
the different relationships between 8'°N and A'3C in the experimental years.
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In Experiment B, the consistent effect of leaf position on A'3C modified the direction
of the relationships between ABC and §°N, and N and C contents in comparison with
Experiment A. The '°N evident in the youngest leaves was consistently higher in all years,
in comparison with the older ones; the difference was the greatest in 2020, when §'°N
reached 5.59-6.13%. in the youngest leaves (L5), 3.42-3.94%o in L4, and 2.17-2.73%o in the
others leaves. This suggests a greater proportion of N received from the soil supply in
young leaves; however, the functional explanation of the results should combine the effect
of Nmin, water availability, and distribution and deposition of N reserves in tree organs. To
the best of our knowledge, the relationship between the §'°N and A'3C discriminations
of plants have not been studied in apples or other fruits. In ecophysiological, natural
community studies, the strong significant effects of water availability on the relations
between A3C and §'°N have been observed [50,51].

The aspect of genetic diversity adds to the difficulty of interpreting the abovemen-
tioned complex relationships. Plant reactions to different water availability levels often
differ among cultivars due to numerous interacting factors and morphological and physi-
ological traits. As a result, cultivar differences may be expected in the effect of irrigation
on A13C [14,52,53]. The presented results for the four-year experiment were obtained from
one apple cultivar, ‘Red Jonaprince’; thus, more or less different results, compared to other
cultivars and/or rootstocks, are also probable.

5. Conclusions

The results of the experiment confirm the significant effect of increasing irrigation
rates on the A'3C of leaves collected from apple trees. The relatively narrow range of
observed A'3C signatures and values over 20%. suggest a low water-shortage level, even
in non-irrigated, rain-fed apple trees. This probably contributed to a strong, significant
effect of year conditions on the A'3C in all irrigation treatments. Even the highest irrigation
intensity, replenishing 100% of the calculated evapotranspiration losses, did not balance
the year-to-year variability of leaf A'>C. The data suggest that the use of carbon assimilated
in the previous year affected A'3C in the running year; however, the confirmation of this
hypothesis would demand the extensive monitoring of soil and plant water status and the
determination of the A'3C of roots and other organs, not only during the growing season.
The results indicate the continuity of processes over several years and the importance of
water supply and agronomic measures sustaining the quality soil water traits during the
long term than in only one growing season. Additionally, the strong consistent effect of
the leaves’ age on the A'3C signature in all experimental years and the relationships of
ABC to 8N, N and C contents of leaves are worth exploring in the research conducted in
the future.

Author Contributions: Conceptualisation, ].H. and I.R.; methodology, ] H., M.M. (Martin Mészdros)
and LR.; software, ] H.; validation, M.M. (Michal Moulik) and I.R.; formal analysis, M.M. (Michal
Moulik), ILR. and MM. (Martin Mészaros); investigation, L.R. and PS.; resources, G.K.;
writing—original draft preparation, J.H.; writing—review and editing, ]. H., M.M. (Michal Moulik)
and LR.; visualisation, J.H.; supervision, G.K.; project administration, P.S., G.K.; funding acqui-
sition, M.M. (Martin Mészaros). All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Ministry of Agriculture of the Czech Republic, project
No. QK1910165 and institutional support MZE-RO0423.

Data Availability Statement: Data and scripts generated and/or analysed during this study are
available from the corresponding author upon request.

Acknowledgments: The authors are thankful to Karina Kremleva for technical support.

Conflicts of Interest: The authors declare no conflict of interest.



Agronomy 2023, 13, 1623 16 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Potopovéd, V.; Trnka, M.; Vizina, A.; Semeradova, D.; Balek, J.; Chawdhery, M.R.A.; Musiolkova, M.; Pavlik, P.; MoZny, M.;
Stépanek, P; et al. Projection of 21st century irrigation water requirements for sensitive agricultural crop commodities across the
Czech Republic. Agric. Water Manag. 2022, 262, 107337. [CrossRef]

Trnka, M.; Balek, J.; Brazdil, R.; Dubrovsky, M.; Eitzinger, J.; Hlavinka, P.; Chuchma, E; Mozny, M.; Prasil, L.; Rtzek, P; et al.
Observed changes in the agroclimatic zones in the Czech Republic between 1961 and 2019. Plant Soil Environ. 2021, 67, 154-163.
[CrossRef]

Trnka, M.; Rotter, R.P.; Ruiz-Ramos, M.; Kersebaum, K.C.; Olesen, J.E.; Zalud, Z.; Semenov, M.A. Adverse weather conditions for
European wheat production will become more frequent with climate change. Nat. Clim. Chang. 2014, 4, 637-643. [CrossRef]
Spitz, P.; Hemerka, I. The development of the irrigation requirement in the dry regions of the Czech Republic with reference to
possible climatic change. Acta Univ. Agric. Silvic. Mendel. Brun. 2006, 54, 171-180. [CrossRef]

Gu, Z.; Qi, Z.; Burghate, R;; Yuan, S.; Jiao, X.; Xu, J. Irrigation scheduling approaches and applications: A review. . Irrig. Drain.
Eng. 2020, 146, 04020007. [CrossRef]

Glenn, D.M. An analysis of ash and isotopic carbon discrimination (813C) methods to evaluate water use efficiency in apple. Sci.
Hortic. 2014, 171, 32-36. [CrossRef]

CSN 750434; Amelioration-Irrigation Requirement. Czech State Norm: Hradec Kralové, Czech Republic, 2017; (In Czech
with English Abstract). Available online: https://www.technicke-normy-csn.cz/csn-75-0434-750434-225463.html (accessed on
15 June 2020).

Litschmann, T. Virrib: A soil moisture sensor and its application in agriculture. Commun. Soil Sci. Plant Anal. 1991, 22, 409-418.
[CrossRef]

Park, R.; Epstein, S. Carbon isotope fractionation during photosynthesis. Geochim. Cosmochim. Acta 1960, 21, 110-126.
[CrossRef]

Farquhar, G.D.; Ehleringer, ].R.; Hubick, K.T. Carbon isotope discrimination and photosynthesis. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 1989, 40, 503-537. [CrossRef]

Condon, A.G.; Richards, R.A.; Farquhar, G.D. Carbon isotope discrimination is positively correlated with grain yield and dry
matter production in field-grown wheat. Crop Sci. 1987, 27, 996-1001. [CrossRef]

Kunz, K.; Hu, Y.; Schmidhalter, U. Carbon isotope discrimination as a key physiological trait to phenotype drought/heat
resistance of future climate-resilient German winter wheat compared with relative leaf water content and canopy temperature.
Front. Plant Sci. 2022, 13, 1043458. [CrossRef]

Mininni, A.N.; Tuzio, A.C.; Brugnoli, E.; Dichio, B.; Sofo, A. Carbon isotope discrimination and water use efficiency in interspecific
Prunus hybrids subjected to drought stress. Plant Physiol. Biochem. 2022, 175, 33—43. [CrossRef]

Casagrande Biasuz, E.; Kalcsits, L.A. Apple rootstocks affect functional leaf traits with consequential effects on carbon isotope
composition and vegetative vigour. AoB Plants 2022, 14, plac020. [CrossRef]

Glenn, D.M. Canopy gas exchange and water use efficiency of ‘Empire” apple in response to particle film, irrigation, and
microclimatic factors. J. Am. Soc. Hortic. Sci. 2010, 135, 25-32. [CrossRef]

Zhu, L,; Liang, Z.S.; Xu, X; Li, S.H.; Monneveux, P. Evidences for the association between carbon isotope discrimination and grain
yield-Ash content and stem carbohydrate in spring wheat grown in Ningxia (Northwest China). Plant Sci. 2009, 176, 758-767.
[CrossRef]

Bchir, A.; Escalona, ].M.; Gallé, A.; Hernandez-Montes, E.; Tortosa, I.; Braham, M.; Medrano, H. Carbon isotope discrimination
(813C) as an indicator of vine water status and water use efficiency (WUE): Looking for the most representative sample and
sampling time. Agric. Water Manag. 2016, 167, 11-20. [CrossRef]

Brillante, L.; Martinez-Liischer, J.; Yu, R.; Kurtural, S.K. Carbon isotope discrimination (613 C) of grape musts is a reliable tool
for zoning and the physiological ground-truthing of sensor maps in precision viticulture. Front. Environ. Sci. 2020, 8, 561477.
[CrossRef]

Wang, Y.; Zhang, X.; Liu, X.; Zhang, X.; Shao, L.; Sun, H.; Chen, S. The effects of nitrogen supply and water regime on
instantaneous WUE, time-integrated WUE and carbon isotope discrimination in winter wheat. Field Crops Res. 2013, 144, 236-244.
[CrossRef]

Sidhu, R.S.; Bound, S.A.; Hunt, I. Crop load and thinning methods impact yield, nutrient content, fruit quality, and physiological
disorders in ‘Scilate’ apples. Agronomy 2022, 12, 1989. [CrossRef]

Bairam, E.; LeMorvan, C.; Delaire, M.; Buck-Sorlin, G. Fruit and leaf response to different source-sink ratios in apple, at the scale
of the fruit-bearing branch. Front. Plant Sci. 2019, 10, 1039. [CrossRef]

Racsko, J. Crop load, fruit thinning and their effects on fruit quality of apple (Malus domestica Borkh.). Acta Agrar. Debr.
2006, 24, 29-35. [CrossRef] [PubMed]

gtépének, P,; Trnka, M.; Chuchma, E; Zahradnicek, P; Skaldk, P; Farda, A.; Fiala, R.; Hlavinka, P,; Balek, J.; Semeradova, D.; et al.
Drought prediction system for central europe and its validation. Geosciences 2018, 8, 104. [CrossRef]

Kohut, M.; Fiala, R.; Chuchma, F.; RoZnovsky, J.; Hora, P. Drought monitoring on the CHMI website. In Proceedings of the
Mendel a Bioklimatologie, Brno, Czech Republic, 3-5 September 2014; pp. 1-19, ISBN 978-80-210-6983-1.

Allen, R.G.; Pereira, L.S.; Raes, D.; Smith, M. Crop Evapotranspiration-Guidelines for Computing Crop Water Requirements-FAO
Irrigation and Drainage Paper 56; FAO: Rome, Italy, 1998; ISBN 9251042195.


https://doi.org/10.1016/j.agwat.2021.107337
https://doi.org/10.17221/327/2020-PSE
https://doi.org/10.1038/nclimate2242
https://doi.org/10.11118/actaun200654020171
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001464
https://doi.org/10.1016/j.scienta.2014.03.031
https://www.technicke-normy-csn.cz/csn-75-0434-750434-225463.html
https://doi.org/10.1080/00103629109368427
https://doi.org/10.1016/S0016-7037(60)80006-3
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.2135/cropsci1987.0011183X002700050035x
https://doi.org/10.3389/fpls.2022.1043458
https://doi.org/10.1016/j.plaphy.2022.01.030
https://doi.org/10.1093/aobpla/plac020
https://doi.org/10.21273/JASHS.135.1.25
https://doi.org/10.1016/j.plantsci.2009.02.018
https://doi.org/10.1016/j.agwat.2015.12.018
https://doi.org/10.3389/fenvs.2020.561477
https://doi.org/10.1016/j.fcr.2013.01.021
https://doi.org/10.3390/agronomy12091989
https://doi.org/10.3389/fpls.2019.01039
https://doi.org/10.34101/actaagrar/24/3221
https://www.ncbi.nlm.nih.gov/pubmed/36834631
https://doi.org/10.3390/geosciences8040104

Agronomy 2023, 13, 1623 17 of 18

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Robinson, D. A15N as an integrator of the nitrogen cycle. Trends Ecol. Evol. 2001, 16, 153-162. [CrossRef] [PubMed]

Plavcova, L.; Mészdros, M.; Jupa, R.; Schaiikova, K.; Kovalikova, Z.; Naméstek, J.; Mahrova, A. Yield and water relations of two
apple cultivars under irrigation. Irrig. Sci. 2023, in press. [CrossRef]

Raimanovd, I.; Svoboda, P.; Kuresova, G.; Haberle, J. The effect of different post-anthesis water supply on the carbon isotope
discrimination of winter wheat grain. Plant Soil Environ. 2016, 62, 329-334. [CrossRef]

Cui, N; Du, T;; Kang, S.; Li, E; Hu, X.; Wang, M.; Li, Z. Relationship between stable carbon isotope discrimination and water use
efficiency under regulated deficit irrigation of pear-jujube tree. Agric. Water Manag. 2009, 96, 1615-1622. [CrossRef]

Torbenson, M.C.A.; Biintgen, U.; Esper, J.; Urban, O.; Balek, J.; Reinig, F.; Krusic, PJ.; del Castillo, E.M.; Brazdil, R.; Semeradova,
D.; et al. Central European agroclimate over the past 2000 years. . Clim. 2023, 36, 4429-4441. [CrossRef]

Flohr, P; Jenkins, E.; Williams, H.R.S.; Jamjoum, K.; Nuimat, S.; Miildner, G. What can crop stable isotopes ever do for us? An
experimental perspective on using cereal carbon stable isotope values for reconstructing water availability in semi-arid and arid
environments. Veg. Hist. Archaeobot. 2019, 28, 497-512. [CrossRef]

Wahbi, A.; Shaaban, A.S.A. Relationship between carbon isotope discrimination (A), yield and water use efficiency of durum
wheat in Northern Syria. Agric. Water Manag. 2011, 98, 1856-1866. [CrossRef]

Dalal, R.C.; Strong, W.M.; Cooper, ].E.; King, A.]J. Relationship between water use and nitrogen use efficiency discerned by 13C
discrimination and 15N isotope ratio in bread wheat grown under no-till. Soil Tillage Res. 2013, 128, 110-118. [CrossRef]

Spitz, P.; Zavadil, J.; Duffkova, R.; Korsuti, S.; Nechvatal, M.; Hemerka, 1. Methods of Management of Crops Irrigation Regimes of
Crops with Calculation Programme IRRIPROG. Certified Methods; Nechvatal, .M., Ed.; Vyzkumny Ustav Melioraci a Ochrany Pady,
v.v.i.: Prague, Czech Republic, 2011; ISBN 978-80-87361-11-5.

Jiang, X.; He, L. Investigation of effective irrigation strategies for high-density apple orchards in Pennsylvania. Agronomy
2021, 11, 732. [CrossRef]

Lo, T.H.; Rudnick, D.R; Singh, J.; Nakabuye, H.N.; Katimbo, A.; Heeren, D.M.; Ge, Y. Field assessment of interreplicate variability
from eight electromagnetic soil moisture sensors. Agric. Water Manag. 2020, 231, 105984. [CrossRef]

Lind, K.R; Siemianowski, O.; Yuan, B.; Sizmur, T.; VanEvery, H.; Banerjee, S.; Cademartiri, L. Evidence for root adaptation to
a spatially discontinuous water availability in the absence of external water potential gradients. Proc. Natl. Acad. Sci. USA
2021, 118, €2012892118. [CrossRef]

Svoboda, P.; Haberle, J.; Moulik, M.; Raimanova, I.; KureSova, G.; Mészaros, M. The effect of drip irrigation on the length and
distribution of apple tree roots. Horticulturae 2023, 9, 405. [CrossRef]

McQueen, J.C. Carbohydrate storage and remobilisation: The mechanisms involved in woody stem tissue of apple trees. Doctoral
Thesis, University of Waikato, Hamilton, New Zealand, 2003.

Breen, K.; Tustin, S.; Palmer, J.; Boldingh, H.; Close, D. Revisiting the role of carbohydrate reserves in fruit set and early-season
growth of apple. Sci. Hortic. 2020, 261, 109034. [CrossRef]

Loescher, WH.; McCamant, T.; Keller, ].D. Carbohydrate reserves, translocation, and storage in woody plant roots. HortScience
1990, 25, 274-281. [CrossRef]

Imada, S.; Tako, Y. Seasonal accumulation of photoassimilated carbon relates to growth rate and use for new aboveground organs
of young apple trees in following spring. Tree Physiol. 2022, 42, 2294-2305. [CrossRef]

Davies, W.J.; Wilkinson, S.; Loveys, B. Stomatal control by chemical signalling and the exploitation of this mechanism to increase
water use efficiency in agriculture. New Phytol. 2002, 153, 449-460. [CrossRef]

Quinlan, J.D. Mobilization of 14C in the spring following autumn assimilation of 14CO2 by an apple rootstock. J. Hortic. Sci.
1969, 44, 107-110. [CrossRef]

Vogado, N.O.; Winter, K.; Ubierna, N.; Farquhar, G.D.; Cernusak, L.A. Directional change in leaf dry matter $13C during leaf
development is widespread in C3 plants. Ann. Bot. 2020, 126, 981-990. [CrossRef]

Dercon, G.; Clymans, E.; Diels, J.; Merckx, R.; Deckers, J. Differential 13C isotopic discrimination in maize at varying water stress
and at low to high nitrogen availability. Plant Soil 2006, 282, 313-326. [CrossRef]

Clay, D.E.; Engel, R.E.; Long, D.S.; Liu, Z. Nitrogen and water stress interact to influence carbon-13 discrimination in wheat. Soil
Sci. Soc. Am. |. 2001, 65, 1823-1828. [CrossRef]

Ngao, J.; Martinez, S.; Marquier, A.; Bluy, S.; Saint-Joanis, B.; Costes, E.; Pallas, B. Spatial variability in carbon- and
nitrogen-related traits in apple trees: The effects of the light environment and crop load. J. Exp. Bot. 2021, 72, 1933-1945.
[CrossRef] [PubMed]

Evans, R.D. Physiological mechanisms influencing plant nitrogen isotope composition. Trends Plant Sci. 2001, 6, 121-126.
[CrossRef]

Peri, PL.; Ladd, B.; Pepper, D.A.; Bonser, S.P,; Laffan, S.W.; Amelung, W. Carbon (4 13C) and nitrogen (5 15N) stable isotope
composition in plant and soil in Southern Patagonia’s native forests. Glob. Chang. Biol. 2012, 18, 311-321. [CrossRef]

Ma, J.Y.; Sun, W,; Liu, X.N.; Chen, EH. Variation in the stable carbon and nitrogen isotope composition of plants and soil along a
precipitation gradient in northern China. PLoS ONE 2012, 7, e51894. [CrossRef]


https://doi.org/10.1016/S0169-5347(00)02098-X
https://www.ncbi.nlm.nih.gov/pubmed/11179580
https://doi.org/10.1007/s00271-022-00839-2
https://doi.org/10.17221/118/2016-PSE
https://doi.org/10.1016/j.agwat.2009.06.009
https://doi.org/10.1175/JCLI-D-22-0831.1
https://doi.org/10.1007/s00334-018-0708-5
https://doi.org/10.1016/j.agwat.2011.06.012
https://doi.org/10.1016/j.still.2012.07.019
https://doi.org/10.3390/agronomy11040732
https://doi.org/10.1016/j.agwat.2019.105984
https://doi.org/10.1073/pnas.2012892118
https://doi.org/10.3390/horticulturae9030405
https://doi.org/10.1016/j.scienta.2019.109034
https://doi.org/10.21273/HORTSCI.25.3.274
https://doi.org/10.1093/treephys/tpac072
https://doi.org/10.1046/j.0028-646X.2001.00345.x
https://doi.org/10.1080/00221589.1969.11514291
https://doi.org/10.1093/aob/mcaa114
https://doi.org/10.1007/s11104-006-0001-8
https://doi.org/10.2136/sssaj2001.1823
https://doi.org/10.1093/jxb/eraa559
https://www.ncbi.nlm.nih.gov/pubmed/33249486
https://doi.org/10.1016/S1360-1385(01)01889-1
https://doi.org/10.1111/j.1365-2486.2011.02494.x
https://doi.org/10.1371/journal.pone.0051894

Agronomy 2023, 13, 1623 18 of 18

52. Massonnet, C.; Costes, E.; Rambal, S.; Dreyer, E.; Regnard, ].L. Stomatal regulation of photosynthesis in apple leaves: Evidence
for different water-use strategies between two cultivars. Ann. Bot. 2007, 100, 1347-1356. [CrossRef]

53. Liu, B.H.; Cheng, L.; Liang, D.; Zou, Y.J.; Ma, EW. Growth, gas exchange, water-use efficiency, and carbon isotope composition of
‘Gale Gala” apple trees grafted onto 9 wild Chinese rootstocks in response to drought stress. Photosynthetica 2012, 50, 401-410.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/aob/mcm222
https://doi.org/10.1007/s11099-012-0048-0

	Introduction 
	Materials and Methods 
	Site Characteristics 
	Layout of the Orchard and Experimental Irrigation Treatments 
	Terms of Sampling of Apple Leaves 
	Experiment A 
	Experiment B 

	Chemical Analysis of the Leaves 
	Statistical Analysis 

	Results 
	The Effect of Irrigation on 13C—Experiment A 
	The Effect of Irrigation on 13C—Experiment B 
	The Relationships between 13C and the Contents of N and C and 15N of Apple Leaves 

	Discussion 
	The Effect of Irrigation Rates on 13C 
	The Year Variability of 13C 
	The Indices for the Use of Carbon from the Previous Year 
	The Effect of Leaf Position (Experiment B) 
	The Relationships among 13C, 15N, and N and C Contents of Apple Leaves 

	Conclusions 
	References

