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Abstract

The yield of apple trees as a function of potassium fertilization and the critical levels
(CLs) and sufficiency ranges (SRs) of K in the soil, leaves, and fruits were determined
in two experiments (two orchards) in four crop seasons. Plants of “Royal Gala” and
“Fuji Suprema” cultivars were treated with 0, 50, 100, 150, or 200 kg K,O ha~! year’l.
Potassium was applied annually during the bud swelling phase and onto the soil surface
in the projection of the plant canopy, without incorporation. Critical levels and SR were
estimated by Bayesian segmented quantile regression models. The cultivar factor was
the main source of variation in fruit yield, K concentration in leaves and pulp, and K
exported by apples. The crop season was the second factor with the greatest contribution to
apple yield and K concentrations in leaves. When data from all crop seasons and orchards
were pooled, yield did not vary by K treatments. The concentration of K in the leaf and
fruit pulp also did not change as a function of the K dose with grouped data. For fruit
production, the CL of K in the soil was 170 mg dm 2 for both cultivars; 17.8 g kg ! and
15.8 g kg~ ! in leaf for “Fuji Suprema” and “Royal Gala”, respectively; 1150 mg kg~! and
1080 mg kg~! in fruit pulp for “Fuji Suprema” and “Royal Gala”, respectively. The lack
of response to K fertilization indicates that the trees were operating within a nutritional
plateau. Consequently, we recommend that K fertilization in subtropical apple orchards
be guided strictly by soil and plant analysis. For orchards exceeding the soil critical
level of 170 mg dm~3 and leaf concentrations of 17.8 g kg~! and 15.8 g kg~! in leaf for
“Fuji Suprema” and “Royal Gala”, respectively, and 1150 mg kg ~! and 1080 mg kg ! in fruit
pulp for “Fuji Suprema” and “Royal Gala”, respectively, K applications may be reduced or
temporarily withheld under similar high-K soil conditions, provided that soil and plant
nutritional status are regularly monitored. This management strategy ensures high yields
and more efficient and sustainable nutrient management.

Keywords: Malus domestica Borkh.; nutritional status; K in apples; nutrient reference
concentration; quantile regression models
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1. Introduction

Tropical and subtropical soils normally do not have a sufficient amount of potassium
(K) available to meet the nutrient demand by apple trees (Malus domestica Borkh.) [1].
Therefore, it is necessary to conduct applications of potassium fertilizers, where the need
can be established considering the K concentration available in soils and the cation exchange
capacity of soils (CTCpnz,) [1]. Soils with higher CTCpy7, values can adsorb greater
amounts of K [2,3]. Potassium concentration in leaves and yield expectations can be
complementary variables when deciding on the need for K application and doses. However,
whenever possible, the most appropriate K doses to be applied in apple orchards should be
established in calibration experiments [4]. These experiments must take into account official
recommendations for apple production. But they must also meet as much as possible the
soil and climate conditions and management adopted in commercial orchards, such as
cultivars and rootstocks, planting density, plant training system, sources, forms, time of
fertilizer application, etc.

Potassium is one of the nutrients required in the greatest quantity for the growth and
development of apple trees and fruits [1,5], in addition to reducing the incidence of fungal
diseases [6]. Furthermore, adequate K nutrition contributes to the quality of apple fruits, as
Kis a cofactor of enzymes associated with the synthesis of anthocyanins [7], a pigment that
gives the red color to fruits [8]. On the other hand, excess K in the soil can reduce Ca and
Mg absorption [9-11] and reduce their concentrations in the plant [12,13]. This can alter
the K/Ca, K/Mg, and K+Mg/Ca relationships in fruits [11], increasing the incidence of
physiological disorders, such as bitter pit [14-16]. However, adequate doses and levels of
available K in soils can contribute to obtaining adequate levels of K in apple trees, which
can be diagnosed by analyzing the leaves [17,18]. Adequate K content in leaves positively
reflects the increase in fruit yield [1] and the activity of the roots and enzymes involved in
the C and N metabolism [7].

Soils in southern Brazil, where apples are grown, have high levels of organic matter
and clay and, therefore, high cation exchange capacity (CEC) [2]. Due to this feature,
the official K recommendations for apple orchards in the production phase establish K
applications in a single plot during the bud swelling phase, and K is applied to the soil
surface in the projection of the plant canopy, without incorporation.

Responses to K fertilization may be different depending on cultivars. This is because
cultivars may have different morphological characteristics of the root system, which also
determines the variables related to nutrient absorption efficiency, such as the Michaelis—
Menten constant (Km), maximum speed (Vmax), and minimum concentration (Cmin) [19].
Furthermore, cultivars may have different vegetative vigor and yield, also affected by
rootstock type, which affects the demand for K and even the amount of exported K [20-22].
In addition, cultivars in conditions of low K availability in the soil solution may have
strategies/mechanisms, such as exudation of organic compounds and modification of
pH values in the rhizospheric soil [23,24]. This can increase the solubility of minerals
that contain K, including in non-exchangeable forms [25], increasing the availability of
exchangeable K [26,27].

Climatic variables, such as temperature, winter cold hours, humidity, solar radiation,
and precipitation, can also affect the yield and nutritional status of apple trees [28,29].
Lower rainfall volumes can reduce soil moisture and, consequently, the approach of ions to
the external surface of the roots, such as K [30]. In the soil, most of the K is supplied via
diffusion, a mechanism very dependent on the water content in the soil. Therefore, water
stress can reduce K concentrations in leaves and fruits and even the productivity [8,13].

Thus, establishing critical levels (CLs) and sufficiency ranges (SRs) of K in soils and
leaves is an important strategy to maximize plant production and maintain fruit quality.
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This tool allows us to precisely define the real need and quantity of nutrients to be applied,
especially K, which is absorbed, accumulated, and exported in greater quantities in fruit
trees [11,20,22]. Critical level and SR values can be obtained using the boundary line
method [31], which considers that the best performance of a population is described by
a line on the edge of any body of data and occurs whenever there is a cause-and-effect
relationship between two variables. This method uses the linear-plateau function [32]—also
known as piecewise regression—with two segments separated by an inflection point. From
this point onwards, no increase in yield is observed, even with the increase in nutrient
concentration in the soil and leaves. Bayesian segmented quantile regression (BSQR)
models associate nutrient concentrations and crop yield [32,33]. Studies that address the
use of models to estimate CL and SR of nutrients in soils and leaves are still scarce [33-35],
especially those carried out with fruit trees, such as apple trees.

Therefore, the establishment of nutrient CL and SR in soils and leaves can help in the
use of more appropriate fertilizer doses [36], especially when CLs are generated for specific
cultivars [35,36], which results in maximizing yield, but also maintaining fruit quality. The
definition of CL and SR values contributes to reducing the potential for soil and water
contamination, and other types of losses due to excessive fertilizer applications [34,35].
The apple trees “Gala”, “Fuji”, and their clones—the two most planted apple cultivars in
southern Brazil—differ in several aspects of their growth and development [36]. Therefore,
it is reasonable to assume that the CL of K in the soil and leaves for the production of these
cultivars are different. This study aimed to (i) evaluate the yield of “Royal Gala” and “Fuji
Suprema” apples grown in a subtropical climate subjected to K fertilization for four crop
seasons and (ii) determine critical levels (CLs) and sufficiency ranges (SRs) of K in the soil,
leaves, and fruits.

2. Materials and Methods
2.1. Characterization of the Experimental Area

This study was carried out in four crop seasons (from 2003 to 2006) in two orchards,
called Orchards A and B, in the municipality of Fraiburgo, state of Santa Catarina, south-
ern region of Brazil (27.107123 S and 50.914899 W for Orchard A and 26.972091 S and
50.902439 W for Orchard B). The climate in the region is humid subtropical (Cfa) [37],
characterized by mild temperatures and precipitation with little variation throughout the
year. Data on climate variables observed over the years are presented in Figure 1. The soil
in both orchards was classified as Typic Hapludalf [38]. The orchards’ soil had spontaneous
vegetation composed of Trifolium repens, Lolium multiflorum, and Paspalum notatum.

2.2. Experiment Setup

In 2002, two experiments were installed: experiment 1 (Orchard A) and experiment 2
(Orchard B). Each orchard was formed by cultivars “Royal Gala” and “Fuji Suprema”,
both grafted onto the M9 rootstock. All trees were trained as tall spindles. Orchard A
was implemented in 2000 with a planting 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~!. The two locations were chosen
for representativeness of this study, seeking to have a greater number of individuals for
evaluation. The two orchards are 30 km apart and have the same soil, altitude, and climate
characteristics, as well as the same management of cultural practices. The only factor that
changes between orchards is the spacing between plants.

The experiments with the application of K doses began in 2002, when the orchards were
already in full production, that is, from the third year after implementation. The experiment
used a randomized block design, with four replications, with each replication consisting of
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Precipitation (mm)
Cold hours € 7.2 °C (hours)

Precipitation (mm)
Cold hours < 7.2 °C (hours)

300

10 apple trees, with the following KO doses: 0, 50, 100, 150, and 200 kg K,O ha™! year‘l,
referring to 0, 41.5, 83, 124.5, and 166 kg K ha~! year 1. The dose of 100 kg K;O ha~! year~!
is an average dose recommended in [2] to replenish the K exported by fruits in orchards in
full production. The K source used was potassium chloride (60% K,O), applied annually
during the bud swelling phase. K was applied to the soil surface in the projection of the
plant canopy, without incorporation, for four consecutive crop seasons (from 2003 to 2006).
Annually, 100 kg K ha~! as ammonium nitrate (33% N) was also applied. Half of the N was
applied at bud swelling, and the second half in post-harvest. Other nutrients throughout
the experimental period were not applied. Pest and disease control management practices
were carried out following regional recommendations for apple trees [39]. The orchards
were not irrigated, relying solely on regional rainfall distribution.
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Figure 1. Minimum, mean, and maximum temperatures (°C), monthly accumulated precipitation
(mm), and number of hours less than or equal to 7.2 °C during crop season—1 (a), 2 (b), 3 (c), and

4(d).

In the second half of January, of the four evaluated crop seasons, 50 fully expanded,
healthy leaves were collected per plot [2] in the four quadrants of the plants, in the middle
third of the shoot growth in the current year. The leaves were dried in a forced air oven at
65 °C until constant mass, ground in a Wiley mill, and stored in a paper bag. Soil samples
were collected in the 0-0.20 and 0.20-0.40 m layers before applying the treatments in 2002
(Table 1) and in the winters of 2004 and 2006.

In all treatments, manual fruit thinning was performed to maintain a crop load of one
to two fruits per cluster. Harvesting was scheduled according to the starch-iodine index,
maintained between 3 and 5 for “Royal Gala” and 4 and 6 for “Fuji Suprema” to ensure
commercial maturity. Flowering occurred from late September to early October across all
seasons. For “Royal Gala” and “Fuji Suprema”, harvests were performed in February and
March, respectively, with yield recorded by fruit count and average weight determination.
Also, twenty medium-sized fruits (130 g to 150 g) were sampled for mineral evaluation.
Annual trunk diameter was measured at harvest in all experimental trees, at 0.3 m above
the graft union.
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Table 1. Values of cation exchange capacity (CEC) and exchangeable K in the soil of the two orchards
and cultivars in the year the experiment was implemented in 2002.

Soil Properties

Cultivar Orchard Layer (m) . o CEC K
pH in H,O SOM (%) (cmol, kg 1) (mg dm )

N 0.00-0.20 6.5 43 1971 (£3.10)  160.50 (+21.43)
Fuji 0.20-0.40 5.9 3.7 21.50 (£4.85) 110.75 (+23.89)
Suprema B 0.00-0.20 6.5 4.2 17.76 (£2.15) 165.25 (+£13.93)

0.20-0.40 5.7 4.1 19.14 (+2.10) 65.00 (£8.71)
N 0.00-0.20 6.8 45 20.03 (45.05)  143.25 (£11.35)
Roval Gala 0.20-0.40 6.2 4.1 21.78 (£1.89) 117.25 (£38.05)
y 5 0.00-0.20 6.1 48 1726 (£325)  209.25 (+62.40)
0.20-0.40 5.8 4.6 18.56 (+4.10) 117.50 (+38.05)

2.3. Soil, Leaf, and Fruit Pulp Analysis

The leaf concentration of K was determined after nitro-perchloric digestion [40], and
K readings were taken on an atomic absorption spectrophotometer (PerkinElmer, Waltham,
MA, USA, Analyst 2000).

The mineral concentrations in the fruit were determined in the whole fruit (pulp + peel):
wedge-shaped longitudinal slice (1 cm thick), without the central part of the carpel, ex-
tracted from each fruit. Subsequently, the concentration of K was determined based on
the same methodology used to determine the leaf concentration. To obtain the K ex-
port by the apple tree, the following equation was used: K = concentration of K in the
fruit (g kg~!) x average fruit weight (g). Soil samples were prepared, and K levels were
extracted using Mehlich-1 [41]. Potassium was determined using a flame photometer
(Digimed, BM-62, Sao Paulo, Brazil).

2.4. Climatic Characteristics

Meteorological data from the experiment evaluation period were obtained at the
meteorological station of the Empresa de Pesquisa Agropecudria e Extensido Rural de Santa
Catarina [42], located in the municipality of Fraiburgo (SC). The following variables were
compiled for each evaluated station: Minimum, mean, and maximum temperatures, mean
precipitation, relative air humidity, chill hours (below 7.2 °C), and chill units [43], as per
the number of hours accumulated, according to the modified North Carolina model [43], in
the winter period (June to September).

The accumulated precipitation and mean air temperature values ranged between the
four crop seasons (Figure 1). In the first crop season, unfavorable weather conditions for
apple cultivation are observed, such as rainfall and cold times below average, mainly in
the months of April, May, June, August, and September (Figure 1a). This behavior is also
observed in the fourth crop season (Figure 1d).

2.5. Statistical Analysis

Initially, the analysis of variance components was conducted to quantify the percentage
contribution of each source of variation (doses of K, crop season, cultivar, orchard, and
interactions) on the response of crop yield and its components and K concentration in
leaves and pulp. The relative contribution of each source of variation was calculated by
dividing the estimated variance component of each factor by the total variance (i.e., the
sum of all variance components, including the residual variance), and expressing the result
as a percentage. This statistical procedure was performed using the “VCA” package in the
R statistical programming environment, which estimates variance components based on
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restricted maximum likelihood. This statistical procedure was carried out using the “VCA”
package of the R statistical programming language [44]. The ANOVA was performed using
the R package “ExpDes.pt”. Whenever the null hypothesis (equal means) was rejected with
alpha equal to 0.05, the means were compared using the Tukey test (p < 0.05).

Finally, the critical levels (CLs) and sufficiency range (SR) of K in the soil and in
leaves and pulp were estimated in relation to crop yield, considering the 2 orchards and
2 crop varieties. Before calculating the estimate, the crop yield variable was converted
into relative yield (%), considering cultivars, orchards, and crop seasons. The models for
estimating the CL and SR values were developed through plateau regression [31-33]. For
this purpose, the BSQR method was used [32], which quantifies the relationship between
the crop yield and the concentration of nutrients in the leaves, pulp, and contents in the
soil. Bayesian analysis was used to adjust the parameters of the regression models [45]. In
this adjustment, Monte Carlo Simulation with Markov Chains (MCMC) [46] was used with
the Gibbs sampling algorithm with 20 thousand random designs after a warm-up period of
10 thousand iterations. The modeling was implemented using the “rjags” package from the
R statistical environment [44].

The plateau model assumes that crop response increases with the input factor up
to a threshold, beyond which additional increases no longer result in significant gains,
thereby defining a point of maximum technical efficiency. In turn, the BSQR method
extends this approach by modeling different quantiles of the response variable distribution,
with emphasis on the upper quantiles (e.g., 0.90), which represent the potential maximum
performance of the crop under given conditions. The segmentation allows the identification
of changes in the slope of the relationship between the production factor and the response,
while the Bayesian framework enables the incorporation of uncertainty and provides more
robust parameter estimates, including the change point (breakpoint) [32]. Thus, BSQR not
only describes the average trend but also captures the upper boundary of the response,
making it particularly useful for defining critical levels (CLs) and sufficiency ranges (SRs)
in agricultural systems [31-33]. In agronomic terms, the estimated parameters have clear
practical interpretations: the breakpoint represents the critical level associated with optimal
crop performance, the slope reflects the sensitivity of the response to changes in the factor
under limiting conditions, and the plateau indicates the maximum attainable yield or
quality under the given conditions. Together, these parameters provide a robust basis for
nutrient management recommendations and decision-making in crop production systems.

3. Results
3.1. Production and Concentrations of K in Soil, Leaves, and Pulp

A linear increase in K content in the soil was observed in the 0-0.20 m layer (Figure 2)
and 0.20-0.40 m layer (Table S1) with the application of annual K doses.

The “cultivar” factor was the variable with the greatest contribution in explaining the
variation in yield, K concentration in pulp, and K exported by apples (Figure 3), 40, 34, and
37%, respectively. The second factor with the greatest contribution to apple yield and K
concentrations in leaves was the “crop” factor, 22 and 34%, respectively. On the other hand,
the interaction of factors “crop season + cultivar + orchard” presented a greater contribution
in explaining the variation in mean fruit weight, exported K, and K concentrations in leaves
and pulp, 90, 53, and 50%, respectively.

The trunk diameter was not significantly affected by K doses, cultivars, or crop seasons
(Table S2). Yield did not significantly respond to the K dose when data were pooled across
seasons and orchards (Figure 4). However, in crop season 1, cultivar “Fuji Suprema”
(11.7 tha=1) and Orchard A (24.9 t ha—!) showed the lowest yields compared to the other
crop seasons, cultivars, and orchards (Figure 4a—c, respectively). Although an increase in
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soil K content in “Fuji Suprema” and “Royal Gala”, respectively, was observed with the
application of 200 kg K,O ha~! year~! (Figure 1), this did not affect K concentrations in the
leaves in the four crop seasons (Figure 5a), cultivars (Figure 5b), and orchards (Figure 5c),
when the factors were analyzed separately. However, there was a significant difference in K
concentrations between crop seasons, regardless of the K doses. The highest concentrations
of K in leaves were observed in crop season 1 (18.5 g kg™1), followed by crop season 2
(15.7 g kg~ 1), crop season 4 (15.3 g kg~ 1), and crop season 3 (13.7 g kg 1) (Figure 5a).

4004 © Fuji Suprema y=150+1x-0.0019 x* R?=0.99

= Royal Gala y=149+1.05x-0.000407 x> R*= 0.99

350 ~

w

o

o
1

K in soil (mg dm™)
N N
8 &

150 1

100 1

0 50 100 150 200

K Doses (kg ha™")
Figure 2. Potassium content in the soil in the 0-0.20 m layer of apple orchards subjected to K doses
over four harvests with cultivars “Fuji Suprema” and “Royal Gala”. Lowercase letters compare mean

K doses within each cultivar using the Tukey test. Differences were considered significant when the
p-value < 0.05.
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Figure 3. Proportion of variance explained by each source of variation for each response variable.
The colors represent the source of variation (K doses, crop season, cultivar, orchard, and interaction:
crop season + cultivar + orchard). The response variables are presented on the X axis.
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Figure 4. Yield of apples subjected to different doses of K and its relationship with factors “crop
season” (a), “cultivar” (b), and “orchard” (c). Uppercase letters compare the effect of K application
doses for each factor (crop season, cultivar, and orchard) using Tukey’s test. Differences were
considered significant when the p-value < 0.05. ns = non-significant at p > 0.05.
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Figure 5. Potassium concentrations in leaves of plants subjected to K doses and their relationship with
factors “crop season” (a), “cultivar” (b), and “orchard” (c). Uppercase letters compare the effect of K
application doses for each factor (crop season, cultivar, and orchard) using Tukey’s test. Differences
were considered significant when the p-value < 0.05. ns = non-significant.
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A significant effect of K doses on K concentrations in the pulp was observed depending
on crop seasons (Figure 6a), cultivars (Figure 6b), and orchards (Figure 6¢c), when the factors
were analyzed separately. The highest concentrations of K in the pulp were observed in
crop season 1 and crop season 4, cultivars “Fugi Suprema” and Orchard B, regardless of
the K dose (Figure 6a—c, respectively).

1400 1@ K Doses []0 [[]50 100 150 Il 200 kg K,O ha” year
ns A A
ns
1200 B B
_1_ ns - ns _I_ ]
—~ £ —F
"y 1000 -
X
£ 800-
o
g_ 600
£
v 4004
2001
0 -
Crop season-1 Crop season-2 Crop season-3 Crop season-4
Crop Season
1400-b) 1400c)
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12004 B 12001 ns B 1
— ns —_ i
z g s
"o 1000 ‘e 1000
X v
CE» 800 - g’ 800 A
Q. Q.
=S 600 S 600
Q. o
£ 400 £ 400
X X
200 A 200 A
0 0
Fuji Suprema Royal Gala Orchard-A Orchard-B
Cultivar Orchards

Figure 6. Potassium concentrations in the pulp of apple trees subjected to K doses and their relation-
ship with factors “crop season” (a), “cultivar” (b), and “orchard” (c). Uppercase letters compare the
effect of K application doses for each factor (crop season, cultivar, and orchard) using Tukey’s test.
Differences were considered significant when the p-value < 0.05. ns = non-significant.

3.2. Critical Levels and K Sufficiency Ranges

The critical concentration (CL) and threshold concentrations (SR) of K in the soil for the
apple yield variable were the same for both cultivars (170 mg dm~3 and 163-178 mg dm 3,
Figure 7a). The CL and SR of K in the soil for mean fruit weight were significantly higher
than those for yield (181 mg dm 3 and 173-188 mg dm 3, Figure 7b).

The CL and SR of K in leaves for apple yield presented different values between
cultivars; higher for “Fuji Suprema” (CL = 17.8 g kg~ ! and SR = 15-19 g kg~!, Figure 7c)
than for “Royal Gala” (CL = 15.8 g kg~! and SR = 14-18 g kg~!, Figure 7d). The CL
and SR of K in apple pulp for yield were higher for “Fuji Suprema” (CL = 1150 mg kg !
and SR = 1130-1160 mg kg~!, Figure 7e) than for “Royal Gala” (CL = 1080 mg kg~ ! and
SR =1060-1100 mg kg_l, Figure 7f).
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Figure 7. Average critical levels (CLs) and sufficiency range (SR) of K in the soil for the cultivars
“Fuji Suprema” and “Royal Gala” in relation to productivity (a) and mean fruit weight of apples (b),
CL and SR of K in leaves (¢,d) and apple pulp (e,f) in relation to productivity for both cultivars. The
red dashed line represents the CL, and the black dashed line the SR.

4. Discussion

The greatest impact of the cultivar variable on yield, with the highest value
(36.5 Mg ha~') observed in Royal Gala, (Figure 4b), probably happened because Fuji is
highly susceptible to production alternation (coefficient of variation over the four-harvest
period was 48%, Figure S1) [47]. The undesirable effect of alternating production can be
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reduced by thinning fruits in years with high fruiting; however, this is not enough to avoid
the negative effect on the yield accumulated over the years.

Yield influenced by cultivars also affected the concentration of K in leaves and fruits,
the amount of K exported, and CL and SR values. A higher yield could be associated with
the expected greater redistribution of K from leaves to fruits, reducing levels in leaves [6,48].
Greater productivity also implies a reduction in K levels in the fruit, a consequence of the
dilution effect due to the greater fruit load [6]. This occurred in crop seasons 2 and 3, with
high fruit yield (Figure 4a) and lower K concentrations in leaves (Figure 5a) and fruits
(Figure 5a). However, leaves can exhibit higher concentrations of K when apple crop load is
low, resulting from reduced K redistribution, as demonstrated in previous studies [6,49,50],
or even when leaf area is limited, which increases nutrient concentration in the tissue [51].
This result is observed in crop season 1, with the lowest fruit yield (Figure 4a) and high
levels of K in leaves (Figure 5a).

Crop season was the second variable that most impacted yield and K concentrations
in leaves and pulp (Figure 3). This may have happened because of lower volumes or
frequency of precipitation, as observed in the months of April, May, July, August, and
September in crop season 1 (Figure 1a). This can reduce soil moisture and, consequently,
the approach of K to the external surface of the roots [48,52]. In most plants, K approaches
the roots by diffusion, which occurs due to the thermal and random movement of the
ion in a liquid medium [30]. Therefore, a lower probability of absorption, transport, and
allocation of K is expected in organs such as leaves, but also in fruit [6,49].

The crop season was the second factor with the greatest contribution to apple yield
(Figure 3), which explains the difference in yield between crop seasons. In the first crop
season, low productivity is explained by climatic variables unfavorable to obtaining high
apple productivity, such as rainfall and cold times below average, mainly in the months
of April, May, June, August, and September (Figure 1a). This behavior is also observed
in the fourth crop season (Figure 1d), where a lower volume of rainfall is also observed,
resulting in a reduction in productivity in relation to the second and third crop seasons. In
this scenario, the effect of the crop season stands out in relation to the effect of the dose of
K applied to the orchards.

The increase to 713 plants ha~! (3570 plants ha~! in Orchard B and 2857 plants ha~! in
Orchard A) can explain the higher fruit yield of “Fuji” and “Gala” in Orchard B (Figure 4c).
In orchards with high plant density, there is greater interception of solar radiation by the
plants [53], which can be converted into greater growth and fruit production. Although the
K levels in the leaves did not differ between the orchards (Figure 6¢), higher K levels in
the pulp were observed in Orchard B (Figure 6c). Greater soil exploration by the roots of
plants at higher planting densities may increase the absorption of K from the soil [11,23],
resulting in greater translocation of K from the soil to the fruits [20,54].

Regarding the fruit yield components, the application of increasing doses of K (up
to 200 kg ha~') did not induce a significant increase in the yield and K concentration in
apple leaves of “Royal Gala” and “Fuji Suprema” apples across the evaluated crop seasons.
This lack of response is highly consistent with the high initial levels of K observed in the
0.00-0.20 m soil layer, which ranged from 143 to 209 mg dm 2 (Table 1), values already
considered well above the sufficiency threshold for regional standards. K contents in
the soils of Orchard A and Orchard B in the 0-20 cm layer were interpreted as “high”
(121 to 240 mg dm 3 for soils with CTCppy,o between 15.1 and 30.0 cmol. dm~3) by the
regional soil chemistry and fertility commission [1]. In these conditions, the soils may have
provided the necessary amounts of available K to meet the demand of apple trees [4,48].

The lack of apple yield response to K fertilization under high soil test values observed
in our study is consistent with long-term experiments conducted in other temperate regions.
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For instance, ref. [55] reported that varying soil K levels through fertilization did not induce
significant changes in the yield of “Golden Delicious” apple trees in Europe. Similarly,
under regional conditions in Southern Brazil, ref. [1] observed that annual K applications
over eight seasons failed to increase “Fuji” apple yields, affecting primarily fruit size
and tissue nutrient concentrations rather than total production. These findings reinforce
the assumption that when orchard soils operate at or above a critical fertility threshold,
further K inputs lead to luxury consumption rather than agronomic benefits. Under
such conditions, the plant’s root system may have reached a physiological plateau for
nutrient uptake, where additional external inputs of K alter soil chemical attributes without
translating into biological or agronomic gains. Therefore, these results suggest that in
subtropical apple orchards established on soils with naturally high or legacy K fertility,
the immediate response to fertilization tends to be negligible, indicating that nutritional
maintenance rather than corrective fertilization should be prioritized.

The CL and SF estimated through the BSQR model established a threshold of
170 mg dm~3 for K in the soil (Figure 7a). Although the mathematical model provides a
precise breakpoint for diagnostic purposes, the high dispersion of data points observed in
the relationship between fruit yield and soil K concentrations highlights a significant degree
of biological variation under field conditions. This dispersion could be associated with
other limiting or co-regulating factors, such as seasonal rainfall distribution, rootstock-scion
interactions, and tree age, which often temper the direct effects of soil nutrient availability.
Furthermore, the trunk diameter was not significantly affected by K doses, cultivars, or
crop seasons, indicating a high structural uniformity among the experimental units and
suggesting that the trees’ vegetative vigor remained in a steady state of production, where
K availability in the soil was already sufficient to meet the demand of the established plant
structure. Consequently, the 170 mg dm 2 threshold should not be interpreted as a rigid,
but rather as an estimated baseline applicable specifically to orchards managed under
similar initial high-K statuses and pedoclimatic conditions.

The calculated sufficiency ranges (SRs) for leaf and fruit pulp K concentrations re-
flected stable nutritional conditions despite the wide range of applied fertilizer doses. The
structural stability of these plant tissue attributes, even under high soil K saturation, may
suggest the existence of internal homeostatic regulation mechanisms within the apple trees,
limiting excessive luxury consumption to protect fruit quality and shelf-life. Although
specific physiological mechanisms—such as soil non-exchangeable K depletion and root up-
take dynamics [56]—were not directly monitored in this experiment, the observed behavior
is consistent with previous studies in temperate pomology [1,55]. This indicates that under
high-K scenarios, tissue analysis serves as a conservative indicator of nutritional status,
requiring periodic and systematic monitoring before any drastic management adjustments
are made.

Finally, we emphasize that tailoring nutrient recommendations to specific crops, culti-
vars, and regional conditions could contribute to achieving sustainable yields, optimizing
fruit quality, and promoting the rational use of fertilizers. However, developing these
frameworks is an ongoing process that depends on the continuous accumulation and
compilation of a regional database. While advanced statistical approaches, such as BSQR
modeling, offer a valuable tool for identifying critical thresholds (CL and SR), their pre-
dictive capacity remains tightly linked to the inherent biological variability of field data.
Therefore, well-described datasets integrated with BSQR modeling techniques are the key
to providing more reliable and accurate nutrient CL and SR values and, thus, complying
with the principles of sustainable pomology.
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5. Conclusions

This study demonstrates that in high-fertility subtropical soils, annual potassium
fertilization increases soil K availability but does not translate into higher apple yields
or improved nutritional status in leaves and fruit pulp. Our findings establish that the
critical level (CL) of K in the soil is 170 mg dm~2 for both “Fuji Suprema” and “Royal
Gala” cultivars. Above this threshold, additional K applications are unlikely to provide
agronomic benefits, leading to nutrient luxury consumption and potential environmental
and economic waste.

Furthermore, this study provides specific diagnostic targets for plant analysis: the
CL for leaf K is 17.8 g kg ! for “Fuji Suprema” and 15.8 g kg ! for “Royal Gala”, reflecting
distinct cultivar-specific demands and redistribution patterns. In practical terms, the results
of this study indicate that K fertilization strategies in apple orchards may be adjusted
according to the K nutritional status of the soil and leaves. Under conditions similar
to those evaluated, when K levels exceed the estimated critical thresholds, maintenance
fertilization may be reduced or temporarily suspended, provided that such decisions are
supported by continuous nutritional monitoring and consideration of orchard-specific
conditions. The proposed thresholds should be interpreted as reference values to support
decision-making in K management, contributing to more efficient fertilizer use and the
maintenance of orchard productivity under subtropical conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants15121866/s1. Figure S1: Yield of apples subjected to different doses
of K and its relationship with factors “crop season” and “cultivar”. Table S1: Potassium content
(mg dm~3) in the soil in the 0-0.20 m soil depth in apple orchards (A and B), subjected to K doses
over four harvests with cultivars “Fuji Suprema” and “Royal Gala”. Table S2: Trunk diameter of
“Fuji Suprema” and “Royal Gala” apple trees cultivated in two orchards (A and B) and submitted to

potassium fertilization for four seasons.
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