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Abstract: Nitrogen (N) effect on crop yield depends on several factors such as soil type, climatic
characteristics and orchard management, including plant density and N fertilization. These varia-
bles can be used to develop yield prediction models, which are scarce in the horticulture sector. This
study aimed to evaluate the effect of nitrogen fertilization, orchards and cultivars and to predict the
yields of ‘Royal Gala’ and ‘Fuji Suprema’ apples cultivated in a subtropical climate under different
soil N availabilities. During the four seasons, nitrogen fertilization was applied a rates of 0, 25, 50,
100 and 150 kg N ha! year for ‘Royal Gala” and ‘Fuji Suprema’ apples located in southern Brazil.
Yield, average fruit weight and leaf and fruit pulp N concentration were evaluated. Yield prediction
models were developed based on the following variables: concentration of N in leaves and fruits,
air temperature, chilling units, relative humidity and rainfall. “Cultivar” was the variable responsi-
ble for the greatest variation of yield, followed by “years/season”, and then the “orchard manage-
ment. The N rates applied in the four seasons did not predict crop yield. In the model, “orchard”
was the greatest determinant for leaf N concentration, and “season” was the main determinant for
fruit-pulp N concentration. Mathematical model (3), based on leaf and fruit pulp N concentration,
and certain climatic variables (minimum air temperature, annual rainfall and chilling hours < 7.2
°C) had the greatest potential for predicting yield in orchards of ‘Royal Gala’ and ‘Fuji Suprema’.

Keywords: climatic characteristics; Malus domestica Borkh; N in leaves; N in fruits; nitrogen fertilizer

1. Introduction

The responses of apple trees (Malus domestica Borkh) to nitrogen (N) fertilization de-
pend on the interaction of factors such as soil, climate, cultivar, rootstock and cultivation
practices. Soils with medium or high organic matter (OM) concentration, potentially have
adequate native mineral N concentration, such as the nitrate (NOs) and/or ammonium
(NH4#*) forms. However, part of soil mineral N can be lost from the soil-plant system
through volatilization, leaching or denitrification [1-4]. The magnitude of losses depends
on soil type and climatic variables. The apple cultivars with high yields can export large
amounts of N in fruits [5-8]. The demand for N can vary among cultivars. The ‘Royal
Gala’ and ‘Fuji Suprema’ apple trees have different vigor and yields [6] and, consequently,
have different demands for N. Furthermore, cultivars and rootstocks may have different
morphological variables of the root systems which can determine the amount of nutrients
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absorbed [9]. Also, cultivars and rootstocks may have different values of kinetic parame-
ters (maximum absorption rate —Vmax, ion affinity with the carrier—Km, and minimum
concentration required to start nutrient absorption by plants —Cmin) related to nutrient ab-
sorption, which determine the absorption efficiency [10]. Thus, the demand for N can be
different for ‘Royal Gala” and ‘Fuji Suprema’, justifying the need for carrying out medium-
and long-term calibration experiments under the field conditions. Soil texture is also im-
portant since high clay concentration allows a greater physical protection of OM and, con-
sequently, a lower rate of organic N mineralization [11,12]. Soils with a high clay concen-
tration may also have a greater capacity to adsorb mineral N, as NH4* [13], reducing the
N losses and increasing the availability of N to fruit trees including apple trees [3,14].

Climatic variables such as air and soil temperature, chilling unit exposure, humidity,
solar radiation and rainfall can also affect the nutritional status and crop yield of apple
trees [15,16]. The vegetative and reproductive development (flowering and effective fruit-
ing) of temperate plants is mainly favored by the accumulation of chilling units during
winter. Thus, in years with favorable climatic conditions, greater demand of nutrients,
including N, is expected to sustain growth, development and high yield [7,8,17].

The availability of nutrients and their impact on yield are also affected by rainfall and
soil water content. Adequate soil moisture associated with high air temperature favors the
mineralization rate of OM and, consequently, the availability of mineral N in the rhizo-
sphere [18,19]. Excessive rainfall favors the loss of N by leaching [4], especially in light-
textured soils, decreasing the plant N uptake and even negatively affecting the crop yield
[8,14]. On the other hand, water deficit can reduce the availability of soluble soil nutrients
and the ability of roots to access nutrients from the soil solution [20]. Frequent rainfall can
also potentiate foliar and fruit fungal diseases, decreasing yield and/or fruit quality [21].

Thus, it is reasonable to associate climatic variables and nutrient concentration, such
as N, in apple-yield prediction models. For the development of these models, robust ma-
chine-learning methods such as Cubist can be employed to fit regressions between the
variables of interest (e.g., yield) in relation to the predictor variables. The Cubist is a non-
parametric method based on the construction of regression trees [22]. However, models
can show different performances in the accuracy of prediction, according to the number
and type of predictor variables used in the calibration process [23,24]. Thus, our hypoth-
esis was that calibrated models with the input of covariates related to N concentration in
leaves and pulp, added to climatic variables, result in greater accuracy in apple-yield pre-
dictions. The aim of this study was to evaluate the effect of nitrogen fertilization, orchards
and cultivars and to predict the yield of ‘Royal Gala’ and ‘Fuji Suprema’ cultivated in a
subtropical climate under different soil N concentrations.

2. Materials and Methods
2.1. Location of Experimental Areas

The study was carried out in two commercial orchards (Orchard A and Orchard B)
and four consecutive growth seasons, in the city of Fraiburgo, state of Santa Catarina (SC),
southern Brazil. The regional climate is classified as humid subtropical (Cfb) [25], charac-
terized by mild temperatures and rainfall with variation throughout the year. Climatic
data during the experimental period are presented in Figure 1. The soil is classified as
Typic Hapludalf [26] in both A and B orchards. The soil in the inter-row spacing was cov-
ered with spontaneous vegetation composed of Trifolium repens L., Lolium multiflorum L.
and Paspalum notatum L.
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Figure 1. Minimum, average and maximum temperatures (°C), number of chilling hours <7.2 °C,
and monthly accumulated precipitation (mm) during the growing seasons 1 (A), 2 (B), 3 (C) and 4
(D).

2.2. Experiment Set-Up

Two experiments were arranged in 2002 in Orchard A (experiment 1) and Orchard B
(experiment 2). Each orchard included two apple varieties, ‘Royal Gala’ and ‘Fuji Su-
prema’, both grafted onto M9 rootstock. Orchard A was established in 2000 with a plant-
ing density of 2857 plants ha for both cultivars. In Orchard B, ‘Royal Gala” was planted
in 1997 with a density of 3570 plants ha™ and ‘Fuji Suprema’ in 2000 with a density of 2500
plants ha-'. All the trees were trained as a central leader (tall spindle). These two cultivars
(‘Royal Gala’ and ‘Fuji Suprema’) and high plant densities (between 2500 and 3500 plants
ha™') currently represent around 40 and 90%, respectively, of commercial orchards in
southern Brazil.

To differentiate soil fertility, trees were fertilized in a randomized blocks design, with
four replications, with the following N rates: 0, 25, 50, 100 and 150 kg N ha' year!, with
each replication consisting of 10 apple trees. The N source used was ammonium nitrate
(33% N). Nitrogen was surface-applied, in the projection of the tree canopy and without
incorporation, for four consecutive growth seasons (2003-2006). Half of the N was applied
at bud swelling and the second half in post-harvest. Annually, 83 kg K ha™ as KCl, (52%
K) was also applied. The mode and place of KCl application were the same as that detailed
for ammonium nitrate. No other nutrients were applied throughout the experimental pe-
riod. Pest and disease control was managed according to the regional recommendation
for the apple tree [27].

2.3. Sampling of Leaves and Fruits and Trunk-Diameter Measurement

In the second half of January of the four seasons (corresponding to July in the North-
ern Hemisphere), 50 fully expanded and healthy leaves per plot were collected [28] in the
four quadrants of the plants, in the middle third of the current-year growing shoot. The
leaves were dried in an oven with forced air at 65 °C, until constant mass. The leaves were
then ground in a Wiley mill, sieved < 0.05 mm, and stored in a paper bag.

Each season, crop yield was recorded when the starch index of fruits reached be-
tween 4 and 6 (1-9 scale), corresponding to 140 + 3 days after full bloom (DAFB). Twenty,
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mid-sized (130-150 g) fruits were sampled for mineral determination. Annual trunk di-
ameter was also measured at harvest in all experimental trees, at 0.3 m above the graft
union.

2.4. Leaf and Fruit Pulp Mineral Analyses

Macronutrient (N, P, K, Ca and Mg) leaf concentration was determined after sulfuric
digestion, while micronutrient (Zn, Fe, Cu, Mn and B) concentration was determined after
nitro-perchloric digestion [29]. Boron (B) concentration was determined by colorimetric
method using the azomethine H reagent, after incineration in a muffle. Readings were
performed in a UV-visible spectrophotometer (Bell Photonics, 1105, Brazil), at 420 nm [30].
Total N was determined in a micro-Kjeldhal system (Tecnal, TE-0363, Brazil), according
to Epagri [31]. Phosphorus (P) concentration was determined in a UV-visible spectropho-
tometer (Bell Photonics, 1105, Brazil), at 882 nm [32]. On the other hand, K, Ca, Mg, Zn,
Fe, Cu and Mn readings were taken in an atomic absorption spectrophotometer (Perki-
nElmer — Analyst 200).

A longitudinal wedge of each fruit (approximately 1cm thick in the peel) was taken
for mineral analysis of the pulp. Carpel tissues were removed from the wedge. Subse-
quently, N, P, Ca and Mg concentrations were determined in the fruit pulp based on the
same methodology as that used for leaf concentration. N/Ca, K/Ca and K+ Mg/Ca ratios
were estimated after determination of nutrient concentration in the pulp. To estimate the
exported N in apple fruits, the following equation was used: N (t ha') = (concentration of
N in the fruit (g kg™') x productivity of apple trees (t ha™))/1000.

2.5. Climate Variables

Meteorological data for the period under evaluation were obtained from the meteor-
ological station of the Agricultural Research and Rural Extension Company of Santa Ca-
tarina [33], located in the city of Fraiburgo (SC). The fllowing characteristics were com-
piled for each evaluated season: minimum, average and maximum air temperature (°C),
annual rainfall (mm), relative air humidity (%), chilling hours (below 7.2 °C) and chilling
units as the number of hours accumulated, according to the modified North Carolina
model [34] in the winter period, from June to September.

2.6. Statistical Analysis

The results of yield and N concentration in leaves and pulp were submitted to a re-
gression tree (conditional inference method) to highlight the factors (year, cultivar and
orchard) that influence differences between these variables. Subsequently, the response
variables (productivity and N concentration in leaves and pulp) were subjected to analysis
of variance (ANOVA) considering the factors ‘year’, ‘cultivar’, ‘orchard” and ‘applied N
doses’” as well as the interaction between these factors (fixed effects) and the effects of
nested blocks in seasons (random effect). The normality of the residues was tested using
the Shapiro-Wilk test to verify if any transformation would be necessary. Whenever the
null hypothesis (equal means) was rejected (alpha > 0.05), the means were compared by

Tukey’s honest significant difference (HSD) test (p < 0.05) in R [35]. This statistical
procedure was performed using the VCA package of the R statistical environment [35].
Subsequently, the reported variables along with climatic data were subjected to principal
component analysis (PCA) to explore variance and verify similarity or dissimilarity be-
tween seasons, cultivars and orchards. The contribution of each variable in explaining the
variance of the principal component (PC) data was also quantified. The PCA was per-
formed using the FactoMineR and factoextra packages from the R statistical environment
[35].

Finally, six apple-yield prediction models were developed. The models, including
predictor variables, were generated in order to answer our hypothesis: Model 1—concen-
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tration of N in leaves; Model 2—N concentration in fruit pulp; Model 3 —climatic varia-
bles; Model 4—N concentration in leaves + climatic variables; Model 5—N concentration
in the pulp + climatic variables and Model 6 —concentration of N in the leaf + N in fruit
pulp + climatic variables. The climatic variables included in the model were: minimum,
average and maximum air temperature, annual rainfall, relative air humidity, chilling
hours and chilling units. The models were developed using the Cubist machine-learning
nonparametric analysis method (caret package by R [36]), a nonparametric method based
on the construction of regression trees [22]. First, a tree was built by the definition of rules,
which splits the data into reasonably homogeneous groups for the variable of interest
(productivity) in relation to the predictor variables. The models were calibrated and vali-
dated through 10-fold cross-validation using random division. The performance of pre-
dictions was evaluated using coefficient of determination (R2) (Equation (1)), bias (Equa-
tion (2)) and mean square root of the prediction error (RMSE) (Equation (3)):

2@ = §0)?

_ 2=V T V)" 1
Y i —§:)? @

1 N
bias =1 > @i =%) 2)
RMSE = 3)

where y = predicted value, j = mean value observed, y = observed values, and N = number
of samples withi=1,2,..., n.

To assess the importance of each explanatory variable in the models, the variable
importance (VARIMP) metric was calculated, which shows the importance of the varia-
bles in the modeling. VARIMP was implemented using the caret package in the R software
[36].

3. Results
3.1. Fruit Yield and Yield Components

The variation of monthly average air temperature was similar in the four seasons
(Figure 1). The distribution of rainfall throughout the season varied among the years. It
was highest in December in year 1, in June and October in year 2, in September and Octo-
ber in year 3, and in March, November and December in year 4. The lowest amount of
rainfall was observed in the months of April, May, June, August and September in season
1, February and December in season 3, and February, April, May and June in season 4.
Total amount of rainfall was maximum in year 3 (2012 mm) and minimum in year 4 (1511
mm). Maximum temperatures in December and January in the 4th year were higher than
in the 2nd year. The number of hours with a temperature below or equal to 7.2 °C was
minimal in growing season 3.

The result of the conditional inference tree analysis is shown in Figure 2. This analysis
uses a regression approach, in which, through a binary recursive data partitioning algo-
rithm, it identifies the variables with the greatest influence on the response variables.
“Cultivar” was the variable with the greatest contribution in explaining the variation in
apple yield in the period evaluated, followed by “crop season” and “orchard” (Figure 2A).
On the other hand, the variable “orchard” had the greatest contribution to explaining the
variation in the concentration of N in leaves, followed by “cultivar” and “crop season”
(Figure 2B). The “crop season” contributed the most to explaining the variation of N con-
centration in the fruits, followed by “cultivar” and “orchard” (Figure 2C). The ANOVA
components confirmed that the triple interaction between the variable “cultivar” * “crop



Agronomy 2023, 13, 514 6 of 15

season” * “orchard” had a high contribution to the variance of apple yield, N concentra-
tion in leaves and fruits (Figure 3).

Crop yield (t ha™)

A) -
( O Cultivar

O Crop season Royal Gala Fuji Suprema
Crol
O Orchard
Crop-2,3,4 Crop-1 Crop-2,3,4
Crop-1
p <0.001
Orchard-B Orchard-A Crop-2,4
Crop-3
p <0.001
Crop-2 Crop-3,4 Orchard-B  Orchard-A Orchard-A Orchard-B
Cro
Crop-2,3 Crop-4
Crop-4 Crop-3 Crop-2 Crop-4
5 N / N
804 7| 8 80 80 80 80 80 80 80 80 8
60 60 | 7 60 60 | ° 60 60 60 60 60 60 60
4 E| 4 40 _ 40 40 " 4 w04 40 4 4
- 2 | T 20 20 : 20 ° 20 | + 20 20 20 20 20 20
w 0 04 1 048 o] T 0 = 0 0 o T 0 0 0
s = T g 8
(B) Leaf N (gkg™)
Orchard
p < 0.001
Orchard-B Orchard-A
Cultivar
p < 0.001
Fuji Suprema Crop-2,3,4
Culti Crop-1
Royal Gala .
Royal Gala Fuji Suprema
_— ~
Crop
p < 0.001
Crop-2,4 Crop-1,3 Crop2 Crop-3.4 Crop-3,4
Gias G Crop-2
p=0.03 p = 0.001
Crop4 Crop-3 Crop-4  Crop-3
/ N / N
32 32 32 32 32 32 32 32 32
- 30 30 30 30 30 30 30 30 30
28 28 |gg| 28 28 g 28 28 28 28 28
> 26 26 26 26 26 26 26 26 26
24 24 8 24 24 24 24 24 24 24
22 22 22 22 22 22 22 22 22
(©) Pulp N (mg kg™")
Crop
p < 0.001
Crop-1 Crop-2,3,4
Orchard Crop
p < 0.001 p < 0.001
Orchard-A  Orchard-B Crop-4 Crop-2,3

Cultivar
p = 0.007

Cultivar Cultivar
p < 0.001 p < 0.001

Fuji Suprema  Royal Gala

Orchard

Fuji Suprema p = 0.001

Fuji Suprema Royal Gala Royal Gala Orchard-B

Crop Orchard-A Crop-3
p < 0.001 \ Crop-2 \

Crop-3 Crop-2
/ N /

600 600 600 600 600 600 600 600 600 600
Z‘z’ 500 500 500 500 500 500 500 500 500 500
E’ 400 400 400 400 |gg| 400 g 400 400 400 ; 400 400
300 300 300 300 300 300 300 300 300 300

Figure 2. Conditional inference tree showing the effect of the variables “cultivar”, “crop season”
and “orchard” on apple yield (A), concentration of N in leaves (B) and N in fruit pulp (C).
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interaction: crop season * cultivar * orchard).

Principal component analysis (multivariate) was used to identify similarity/dissimi-
larity between the factors “cultivar”, “orchard” and “crop season”, in addition to the re-
lationship between the nutritional variables of plant and climate. Principal components 1
and 2 (PC1 and PC2) explained approximately 55% of the data variance. The analysis
showed substantial differences between growing seasons (Figure 4A), small differences
between cultivars (Figure 4B), and small differences among orchards (Figure 4C). Among
the variables to explain the variation of productivity are climate, including air tempera-
ture (minimum, average and maximum), chilling units, rainfall and relative humidity

(Figure 4A).
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(PC2) for yield and N concentrations in leaves and fruit pulp, in relation with crop season (A), apple

cultivar (B) and orchard type (C).
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3.2. Yield and N Concentration in the Leaves and Fruits Response

Yield was not affected by N application rate; however it was higher in years 2, 3 and
4 compared with year 1 (Figure 5A). Yield was higher in ‘Royal Gala’ than ‘Fuji Supreme’
(Figure 5B), despite the lack of response to N rate, and significantly lower in Orchard A
compared with Orchard B for the mean effect of years and cultivars (Figure 5C).

Leaf N concentration did not differ significantly in relation to the N rates applied
considering the factors of the “crop season” and “orchard” (Figure 6A,C). In the same
way, the other macronutrients (P, K, Ca and Mg) and the micronutrients (Fe, Mn, Zn and
B) were also not affected by treatments (Table S2). Nitrogen concentration in ‘Royal Gala’
leaves was lower after the application of 25 and 50 kg N ha! (Figure 6B). Leaf N concen-
tration did not differ significantly in relation to the N rates applied for the cultivar ‘Fuji
Suprema’ (Figure 6B). Nitrogen concentration in ‘Royal Gala’ leaves was higher compared
to ‘Fuji Suprema’ leaves (Figure 6B). In the orchard —cultivar interaction, the highest con-
centration of foliar N was observed in Orchard B in ‘Fuji Suprema’ in the treatments with
N application compared to the control (Figure 6D). No significant difference was observed
in the foliar N concentration in relation to the N rates in FS-Orchard-A (Figure 6D).

In year 2, only the addition of 100 and 150 kg N ha! increased the fruit N concentra-
tion compared to the other crop seasons (Figure 7A). No significant effects of N rates were
observed in the cultivar, orchard or cultivar—orchard (Figures 7B-D, respectively).
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e g
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Figure 5. Yield of apple trees subjected to different N rates and its relationship to the “crop season”
(A), “cultivar” (B), “orchard” (C) and the “cultivar * orchard” interaction (D). Uppercase letters
compare the effects of N application rate for each factor (crop season, cultivar, orchard and culti-
var—orchard) using Tukey’s test. Differences were considered significant when p value < 0.05; ns:
non-significant at p > 0.05.
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Figure 6. N concentration in apple leaves subjected to different N rates and their relationship with
the factors “crop season” (A), “cultivar” (B), “orchard” (C), and the “cultivar * orchard” interaction
(D). Lowercase letters compare the means of N doses within the same factor (crop season, cultivar,
orchard and cultivar—orchard) and uppercase letters between factors using Tukey’s test. Differ-
ences were considered significant when p value < 0.05; ns: non-significant at p > 0.05.
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Figure 7. N concentrations in apple fruits (pulp) of two apple cultivars (A-D), grown in two or-
chards for different seasons and subjected to different N rates. Lowercase letters compare the means
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of N doses within the same factor (crop season, cultivar, orchard and cultivar —orchard) by Tukey’s
test. Differences were considered significant when p value < 0.05; ns: non-significant at p > 0.05.

3.3. Apple-Yield Prediction Models

Six apple-yield prediction models were generated using the variables “N concentra-
tion in leaves and fruits” and “climatic characteristics”. The model with the highest accu-
racy (R?=0.98, p < 0.001) was the one based on all variables, while the model with the
lowest accuracy (R?=0.30, p < 0.001) was the one based only on the climatic variables (Ta-
ble 1). The most important climatic variables were minimum air temperature, chilling
hours < 7.2 °C, and annual rainfall which supported the best models (Table 2). The con-
centration of N in the leaves had the greatest accuracy, even greater than the concentration
of N in fruits, following the same pattern of response in combination with climatic varia-
bles (Table 1).

Table 1. Accuracy of apple-yield prediction models for ‘Fuji Suprema’ and ‘Royal Gala’ in two lo-
cations and for four crop seasons.

RMSE Bias

Prediction Models R?
t ha!
Model 1—crop yield: N concentration in leaves 0.86 * 6.96 -0.59
Model 2—crop yield: N concentration in fruit pulp 0.78 * 9.64 -2.67
Model 3 —crop yield: climatic variables 0.30 * 16.27 -3.80
Model 4—crop yi‘eld: N con'centration in leaves + 0.90 * 5.62 0.50
climatic variables
Model 5—crop yield: N cor'lcentratlon in pulp + climatic 0.84 % 9.10 .60
variables
Model 6 —crop yield: N concentration in leaves and 0.98 * 0.50 0.07

pulp + climate variables

* p value < 0.001; R?= coefficient of determination; RMSE = mean square root of the prediction er-
ror.

Table 2. Relative importance of predictor variables included in the calibration of yield prediction
models of ‘Fuji Suprema’ and ‘Royal Gala’ apple trees subjected to nitrogen fertilization.

Model1l Model2 Model3 Model4 Model 5 Model 6

Predictor Variables
Relative Importance (%)

N in leaves 100 - - 50 - 50
N in pulp - 100 - - 45 50
Minimum air ) ) 73 50 50 50
temperature
Average air ) ) 0 0 0 0
temperature
Maximum air ) ) 0 0 0 0

temperature
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Annual rainfall - - 28 30 25 35
Relative humidity - - 0 0 0 0
Chilling units - - 0 0 0 0
Chilling hours <7.2 °C - - 65 50 50 50

4. Discussion

The “cultivar” factor showed a greater effect on yield than the “crop season” and
“orchard” characteristics (Figure 2A). Late cultivars (e.g., ‘Fuji’, ‘Pink Lady’, ‘Granny
Smith’) accumulate less minerals and carbohydrates in the buds and phloem of branches
than early cultivars (e.g., ‘Royal Gala’), which can be explained by the shorter period be-
tween fruit harvest and leaf senescence [37]. Furthermore, in our study, the effect of “cul-
tivar” on yield may be partly explained the lower plant density of 2500 plants ha™ of “Fuji
Suprema’, and because evaluations started two years after the establishment of the or-
chard. Meanwhile, in one of the ‘Royal Gala’ orchards, the plant density was 3570 plants
ha' and evaluations started five years after installation. The higher productivity with den-
sification of apple plants is evidenced in other studies [37-40]. Tree density can cause
lower plant vigor, productivity, and lower number and size of fruits per plant even
though, in the present study, the trunk diameter of both cultivars and orchards had no
difference and was approximately 16 cm (see Table S3).

The interaction of the variables crop season + cultivar + orchard had a greater contri-
bution in explaining the variance in the N concentration in the pulp (Figure 3); however,
crop season explained more than other variables the increase of N concentration in the
fruit pulp (Figures 2 and 7). This can be partly attributed to climatic variations such as the
accumulation of chilling units, which affect bud sprouting and the tree crop load [41-43].
Low crop load favors fruit growth causing lower concentration of minerals, including N,
because of the dilution effect [6]. Furthermore, climatic conditions that favor the vegeta-
tive growth (vigor) can reduce the N concentration in fruit by competition [7,8,17].

The multivariate analysis clearly showed that there was variation between seasons,
which is explained by the variation of climatic variables (Figure 4A). These variations in-
fluenced the production and concentration of N in the leaves and pulp of the apple tree.
There was an inverse relationship between the accumulation of chilling units and produc-
tivity and a positive one with N concentration in the leaves and pulp of the apple tree,
although temperature directly affects plant growth and development, and particularly the
bud development and fruit set due to its effects on the rate and speed of physiological
processes (e.g., respiration and cell division). For example, low temperatures in winter
favor the development and overcoming of dormancy of flower buds, and productivity,
while low temperatures in spring reduce cell division and fruit size [44] and high temper-
atures associated with high humidity in spring and summer can negatively affect yield by
favoring the development of plant diseases [21]. High night temperatures in autumn and
winter disfavor the accumulation of carbohydrate reserves and the development of flower
buds and young fruits [17]. On the other hand, soil temperature affect differently the avail-
ability of N in the soil, and soil temperatures above 25 °C influence the growth and re-
newal of the root system and increase nutrients uptake. In periods of low soil water avail-
ability and transpiration rate, the development of the root system is low, affecting the
translocation of nutrients from roots to shoots and from storage organs to fruits [9]. Fur-
thermore, air temperature and relative humidity affect the rate of transpiration and the
translocation of minerals to leaves [45].

In the present study, the lack of responses of apple trees to N application rate in in-
creasing productivity can be explained by the high concentration of soil organic matter
greater than 40 g kg! (see Table S1), providing a sufficient amount of native soil N (NOs
and NH¢*) to apple trees [46], with the productive capacity being limited by the climatic
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conditions of this region. Furthermore, possible N losses due to high rainfall (>1700 mm
in seasons 2 and 3) may also explain an eventual low N utilization and the lack of response
in plant production. We also highlight that the export of N by the apple tree was low, i.e.,
0.75 kg of N per ton of harvested fruit, considering a concentration of 5 g kg DW-' N in
the fruit. The maximum yield obtained by ‘Royal Gala’ in Orchard B in season 2 was about
40 t ha'and an export of only 30 kg N ha™' was observed, although the extraction varied
from 60 to 75 kg N ha™ yr, less than studies that show that half of the N absorbed by the
roots is translocated to the fruits [47].

The lowest N concentration in leaves was observed at 25 and 50 kg N ha for ‘Royal
Gala’ (see Figure 6B), probably due to the greater availability of mineral N derived from
internal reserves, associated with the physiological efficiency of N use by the plant [48].
The highest concentrations of N in the apple pulp were found in trees subjected to doses
of 100 and 150 kg N ha!, in season 2. Despite the increase of N concentration in these fruit
pulps, the values were below the adequate range (<500 mg kg™) in order to avoid the
incidence of physiological disturbances in fruits [49].

Model 6, including the climatic variables (minimum, average and maximum air tem-
perature, annual rainfall, relative air humidity, chilling hours and chilling unit exposure)
and N concentration in leaves and fruit pulp had the best performance in predicting crop
yield. This is quite useful in predicting apple productivity as a function of climate condi-
tions, in particular the subtropical climate, where modelling is scarce [23,24]. Yield pre-
diction models can also be useful in considering climate change scenarios, which are al-
ready occurring in southern Brazil [50,51] and can affect the nutritional status and produc-
tivity of apple trees [15,16]. A poor performance was observed with model 3 calibrated
only with climatic variables. Based on these results, it is worth noting that if climate
change is intensified, the climatic variables between seasons will be different, which may
impact yield [16]. We highlight that the simpler model 1with only the leaf N concentration
performed well in predicting apple yield. This is desirable, because leaf sampling is nor-
mally carried out on apple trees annually, in the southern region of Brazil between Janu-
ary and February (about 105 to 135 days after full flowering, which corresponds to the
final stage of fruit growth), to contribute to the estimation of the nutritional status of the
plants. In addition, predicting yield through the concentration of N will facilitate planning
for harvesting, storing fruits and even defining better marketing strategies. On the other
hand, model 2, with only the concentration of N in the pulp, showed an intermediate per-
formance compared to the above two models, showing that the use of this variable alone
is not an adequate strategy for predicting productivity. However, the use of the variable
N in the pulp, together with the climatic variables, allows us to obtain a more accurate
model (model 5) for predicting productivity.

In this scenario, we highlight the importance of increasing N in the form of organic
fertilization, which is possible with the implementation of agroecological production sys-
tems. Added to this, there is a strong effect of climatic variables on apple productivity, as
already discussed, as well as the effect on N availability and translocation in the plant.
This must be considered in climate change scenarios, in which simulation models of future
scenarios can contribute to explaining the effect of climate variables on N utilization by
the plant and, consequently, on apple tree productivity.

5. Conclusions

“Cultivar” was the variable with the greatest contribution in explaining the variation
in apple yield, followed by “season” and “orchard”. The orchard management was the
factor contributing mostly to leaf N concentration probably by plant density and the
growth season affecting the fruit pulp N concentration most.

Model (6), that considered the N in leaves and pulps and the climatic variables,
showed the greatest potential for predicting productivity in orchards with ‘Royal Gala’
and ‘Fuji Suprema’ in southern Brazil. The simpler model 1 for leaf N concentration was
also important in predicting plant productivity.
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and submitted to nitrogen fertilization for four seasons.
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