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Abstract: The production of fruit crops plays a vital role in the agricultural sector, con-
tributing significantly to the social and economic development of rural communities. In
Brazil, fruit production is diverse due to favorable edaphoclimatic conditions, with av-
ocado (Persea americana Mill.) emerging as an important crop. Its production continues
to expand in both cultivated areas and yield, making it a key export to non-producing
countries. However, despite its importance, nutritional management information, crucial
for achieving high yields, remains limited. Current guidelines on nutrition monitoring
are outdated, general, and based on data from other countries with different edaphocli-
matic conditions, making them not directly applicable to Brazilian orchards. Furthermore,
outdated nutritional information becomes less reliable over time, as climate change alters
soil conditions and crop nutrient concentrations and requirements, reinforcing the need
for the establishment of up-to-date and specific nutritional information. This study aimed
to establish nutritional standards for ‘Hass” avocado production using the Diagnosis and
Recommendation Integrated System (DRIS) and Compositional Nutrient Diagnosis (CND)
methodologies, and to define sufficiency ranges (SRs) and Critical Levels (CLs) for both
macronutrients (N, P, K, Ca, Mg, and S) and micronutrients (B, Cu, Fe, Mn, and Zn). The
analyses were based on yield (t ha~!) and leaf nutrient content data from commercial or-
chards, with datasets divided into younger (4-9 years) and older (10-26 years) plant groups.
The DRIS effectively established nutritional standards for younger plants, explaining 11%
of yield variation through nutritional balance. CND, in turn, was effective for both groups,
accounting for 14% of yield variation and outperforming DRIS in associating nutritional
status with productivity. SRs and CLs for ‘Hass’ avocado production were defined using
both DRIS and CND. Together, these indices and diagnostic parameters offer valuable tools
for enhancing nutritional monitoring and fertilization strategies in Brazil. Notably, SRs and
CLs varied according to plant age.

Keywords: nutritional balance; nutritional status; leaf analysis; orchard fertilization;
Persea americana Mill.

1. Introduction

Brazil produces a wide variety of fruits due to the diverse climate conditions across
the country [1], making it the third largest producer globally, with approximately 40 million
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tons of fresh fruit produced in 2020 [2]. Among these, avocado (Persea americana Mill.) has
seen significant growth in both yield and cultivated area, positioning Brazil as the seventh
largest global producer, with 338 thousand tons produced in 2022 [3].

The opening of international markets in response to increasing avocado consumption
has driven global demand, particularly in non-producing countries such as Japan, Canada,
France, the Netherlands, and England [4]. This demand continues to rise due to the health
benefits of avocados, which contribute to weight loss, combat oxidative stress, and reduce
inflammation [5,6]. This trend presents significant opportunities for Brazilian producers.
Recently, it was reported that avocado became the 11th most exported fruit from Brazil [7],
with 25.6 thousand tons destined for international markets in 2023, more than double the
amount exported in 2022 [8], primarily the ‘Hass’ cultivar.

In Brazil, Sao Paulo is the leading state in avocado production, accounting for ap-
proximately 43.4% of the country’s total output [9]. Although the potential for avo-
cado production is estimated to exceed 30.0 t ha~! [10], as also observed in countries
like Samoa, El Salvador, and Panama [3], the average productivity in Brazil remains at
18.6 tha~! [3,9], indicating a gap and presenting an opportunity to further increase pro-
ductivity in Brazilian orchards.

Achieving high yields is influenced by several biotic and abiotic factors [11]. Addi-
tionally, plant growth and development depend on nutritional balance, as an excess or
deficiency of nutrients can negatively impact productivity and crop quality [12]. Assessing
the nutritional status through leaf analysis is crucial for planning fertilization programs,
thereby enhancing productivity [13].

Despite the potential for avocado production in Brazil, studies on mineral nutrition
management are limited. Information on the upper and lower nutrient limits for optimal
avocado cultivation has not been updated or developed for specific cultivars. The only
reference available to avocado producers is the sufficiency ranges in Teixeira et al. [14],
which have remained unchanged since the last publication [15] and, in addition to not
specifying cultivars, are similar to those published by Embleton and Jones [16].

Moreover, climate change represents a growing challenge for agricultural systems,
with projections indicating a potential reduction in global crop yields [17,18]. Nutrient
management is particularly affected by climatic variability, which can alter plant physio-
logical processes and soil dynamics [19-21]. These factors underscore the increasing need
for updated and comprehensive nutritional guidelines to sustain crop performance under
changing environmental conditions.

Given this, the use of diagnostic methodologies such as the Diagnosis and Recom-
mendation Integrated System (DRIS) [22], a bivariate method, and Compositional Nutrient
Diagnosis (CND) [23], a multivariate method, emerges as a valuable tool. These methods
not only determine crop nutritional standards but can also generate sufficiency ranges (SRs)
and Critical Levels (CLs) [24], while considering nutrient interactions [25], distinguishing
them from the classical univariate method and allowing for a more precise assessment
of plants’ nutritional status, especially when employed with compositional data from
commercial areas [26].

Applying the DRIS and CND diagnostic methods to compositional data from commer-
cial “Hass” avocado orchards will allow the establishment of accurate nutritional standards,
including SRs and CLs for macro- and micronutrients, thereby supporting more effective
nutrient management and enhancing yield performance under Brazilian conditions. There-
fore, the objective of this study was to establish the DRIS and CND standards in avocado
‘Hass’ production and generate the SRs and CLs of macro- and micronutrients’ leaf nutrient
content for adequate ‘Hass” avocado production.



Horticulturae 2025, 11, 621

30f19

Latitude

20°8

2. Materials and Methods
2.1. Data Collection

The data used in this study consisted of leaf nutrient content (N, P, K, Ca, Mg, S, B,
Cu, Fe, Mn, and Zn) and yield (t ha™1), collected from 2021 to 2024 across four avocado
‘Hass’ production farms located in Avaré, Bernardino de Campos, Charqueada, and Itai,
Sao Paulo, Brazil (Figure 1). The predominant soil types in these regions are Argisol and
Latosol [27]. The climate of the region is classified according to the Koppen system as Cfa
in Avaré, Bernardino de Campos, and Itaf and as Cwa in Charqueada. Avaré has a mean
annual temperature of 19.6 °C and rainfall of 1315.8 mm; Bernardino de Campos, 20.2 °C
and 1334.6 mm; Charqueada, 20.4 °C and 1339.7 mm; and Itai, 19.7 °C and 1235.3 mm [28].
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Figure 1. Geographical distribution of ‘Hass’ avocado production farms used for data collection.

The dataset consisted of commercial-age rainfed ‘Hass” avocado plants grafted onto
seed-derived rootstocks, with plant ages ranging from 4 to 26 years (176 commercial plots).
Due to age differences between the plants, two separate datasets were created and analyzed:
one for the 4-9-year-old plants (123 plots) with plants spaced at7 m X 4m, 7 m X 5m,
8m x 4m,8m X 5m, and 8 m x 6 m, and another for the 10-26-year-old plants (53 plots)
with plants spaced at 7m x 5m, 8m x 6 m, 9m x 4.5m, and 10 m X 5 m. To confirm
the need for dividing the datasets by plant age, a f-test was performed on the multivariate
nutrient relationship obtained in the CND calculation.

Leaf sampling followed the protocol established by Koen and Plessis [29], collecting
four complete (leaf + petiole) fully expanded healthy leaves from each quadrant of the
plant, located at the 3rd node of fruitless shoots without signs of new vegetative growth
flushes. After sample collection, the leaves were dried in a forced-air oven at 60 °C £+ 5 °C
until reaching a constant weight, then ground and passed through a 20-mesh sieve. N
concentration was determined using the micro-Kjeldahl method. K, Ca, Mg, Cu, Fe, Mn,
and Zn were quantified by atomic absorption spectrophotometry, while P and B were
determined by colorimetry and S by turbidimetry [30]. Yield (t ha—!) for each plot was
recorded and used as the productivity indicator for the CND and DRIS calculations.

2.2. DRIS—Calculations and Statistical Analyses

Nutrient content for macronutrients was expressed in g kg ~!, while micronutrients
were expressed in mg kg~!. The datasets consisted of 123 plots for 4-9-year-old plants
and 53 plots for 10-26-year-old plants. The normality of each yield distribution was tested
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using the Kolmogorov—-Smirnov test—4-9-year-old plants (p > 0.24) and 10-26-year-old
plants (p > 0.59)—indicating that the data followed a normal distribution [31]. Each dataset
was then divided into high-yield (reference population) and low-yield populations, using
the mean yield (t ha1) as the criterion [32]. The mean and standard deviation (DRIS
norms) of the log-transformed bivariate relationships for the reference population were
calculated [33], followed by the determination of nutrient ratio functions [34]:

1(5)-15)-G]© o

where (§> represents the dual relationship between nutrient content in the sample; () is
the average of the dual relationships for nutrient content in the high-yield population; s is
the standard deviation of the dual relationships in the high-yield population; and c is the
sensitivity coefficient (set to 1).

Subsequently, DRIS indices were calculated for each nutrient [22]:

_A(8) -zf(%)

n—+m

IA

7 (2)

where IA is the DRIS index for nutrient A; f ( %) is the directly proportional function

between two nutrients; f (%) is the inversely proportional function between two nutri-
ents; n is the number of direct relationships assessed; and m is the number of inverse
relationships assessed.

The Nutrient Balance Index (NBI) was calculated as the sum of the absolute values of
the DRIS indices for each nutrient [22]:

NBI = [IN]| + |IP| + |IK| + ... + |INa, 3)

The Mean Nutrient Balance Index (NBIm) was then calculated by dividing the NBI by
the total number of nutrients analyzed (n):

NBIm = (NF> (4)

Finally, the Critical Levels, along with the lower and upper limits for each dataset,
were determined through regression analysis between each nutrient’s content and its
corresponding NBI [35,36].

2.3. CND—Calculations and Statistical Analyses

Nutrient content for both macronutrients and micronutrients is expressed in mg
kg~!. Outlier exclusion was performed using the Mahalanobis distance (p < 0.01) for both
datasets [37]. After excluding outliers, the number of plots for the CND calculations was
120 for the 4-9-year-old plants (97.6% of the original dataset) and 45 for the 10-26-year-
old plants (85% of the original dataset). Normality tests using the Kolmogorov-Smirnov
test indicated that the data followed a normal distribution: 4-9-year-old (p > 0.24) and
10-26-year-old (p > 0.57) [31]. Each dataset was then divided into high-yield (reference
population) and low-yield populations, with the cumulative distribution function serving
as the criterion [38].
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The CND calculation for each dataset was performed following the procedure to
obtain R, where leaf tissue is regarded as a closed system consisting of both quantified
nutrients and non-quantified components, represented by R [23]:

R = 1,000,000 - Y"  Nt;, ()

where R represents all components not determined in the dry matter, expressed in mg kg~ ;
1,000,000 represents the total dry matter in mg kg~!; and Nt; is the quantity of each nutrient
in the dry matter, also expressed in mg kg .

The geometric mean was calculated to ensure that all components included in the R
value were accounted for in the sample analysis [23]:

6 = [(TT, Ne)-&] ™7, ©

where G is the geometric mean of nutrient content in the dry matter; N¢; is the content of
each nutrient in the dry matter; R is the value of non-determined components; and # is the
number of nutrients analyzed.

Next, the multivariate relationship between the nutrients was determined using the
Napierian logarithm of nutrient content to improve the data distribution [33]:

v = ln(lg) )

where V; represents the multivariate relationship between the nutrients; G is the geometric
mean of the nutrient content in the dry matter; and Nt; is the content of each nutrient in the
dry matter.

The CND indices were then calculated:

L= Vi—Vj) ®)
0i
where I; is the Nutritional Balance Index for nutrient ;; V; is the value of the multivariate
relationship ; for the evaluated sample; V; is the mean value of the multivariate relationship
; in the reference population; and o; is the standard deviation of the variable ; in the
reference population.

The Nutrient Imbalance Index (CND-r?) was determined by summing the individual
indices. Critical Levels, along with the lower and upper limits for each dataset, were
established through regression analysis of each nutrient’s content against its corresponding
CND index [35,36].

2.4. Statistical Analysis

The Pearson correlation analysis, regression tests, and ¢-test were performed using the
R software (version 4.3.3) [39].

3. Results
3.1. T-Test of the Multivariate Nutrient Relationships

Differences in nutritional balance between the two datasets were observed through a
t-test applied to the multivariate relationships among nutrients obtained from the CND

calculation (Table 1). All parameters showed significant differences between the datasets,
except for K, Fe, and Mn (Table 1).
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Table 1. Mean =+ standard deviation (SD) and t-test of multivariate relationship between nutrients
(CND standards) for leaf nutrient content in relation to yield in the 4-9-year-old and 10-26-year-old
plant datasets for ‘Hass’.

4-9-Year-Old 10-26-Year-Old

Variables (1= 120) (1= 45 et
Mean + SD Mean + SD p-Value
VN 294 +0.18 2.83 £0.20 0.0005 ***
Vp 0.22 £ 0.12 0.08 = 0.20 <0.0001 ***
Vk 1.91 £ 0.27 1.92 £0.26 0.8013 ns
Veca 2.87 £0.25 2.64 £0.29 <0.0001 ***
Vmg 1.69 £0.20 1.36 £0.21 <0.0001 ***
Vs 0.67 +0.20 0.60 = 0.16 0.0405 *
VB —3.48 £0.31 —3.31 £0.44 0.0087 **
Veu —3.08 £ 0.56 —2.84 £ 0.59 0.0148 *
VEe —2224+0.23 —2.25+0.27 0.4923 ns
Vi —1.04 = 0.49 —1.21 £ 0.62 0.0760 ns
Vzn —3.86 = 0.20 —3.44 £0.44 <0.0001 ***
VR 3.38 £0.31 3.62 £0.32 <0.0001 ***

ns: non-significant; significancy levels: *** p < 0.001, ** p < 0.01, and * p < 0.05. V;: CND standard for the ; nutrient.
Vr: CND standard for the non-quantified components in dry matter.

3.2. Correlation Analysis

In the 4-9-year-old plants dataset, 27 significant correlations were identified. All
nutrients exhibited either positive or negative correlations with one another, and yield
showed a negative correlation with N, Fe, and Mn, while being positively correlated
with Mg (Figure 2a). In the 10-26-year-old plants dataset, 23 significant correlations were
observed. All nutrients, except N, were correlated with each other, and yield had a negative
correlation with Ca, Mg, and Mn, while being positively correlated with B, Cu, and Zn
(Figure 2b).
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Figure 2. Pearson’s correlation matrix between leaf nutrient content and yield (t ha=') in ‘Hass”:
(a) 4-9-year-old plants (n = 123); (b) 10-26-year-old plants (n = 53). Significancy levels: *** p < 0.001,
**p<0.01,and * p < 0.05.

3.3. DRIS Standards Establishment

The datasets were divided into high- and low-yield populations. In the 4-9-year-
old plants’ high-yield population, the yield ranged from 9.0 to 33.6 t ha—!, with a mean
productivity of 19.2 t ha~!, and 30% of the dataset was classified as high-yield. In the
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10-26-year-old plants’ high-yield population, the yield varied from 9.0 to 33.3 t ha~!, with
a mean productivity of 15.1 t ha~!, and 43.4% of the plots were classified as high-yield
within the entire dataset (Table 2).

Table 2. Minimum (Min.), maximum (Max.), mean, standard deviation (SD), and coefficient of
variation (CV) for leaf nutrient content and yield in the 4-9-year-old and 10-26-year-old plant
datasets for ‘Hass’, categorized into high- and low-yield populations, for the DRIS calculation.

4-9-Year-Old—High-Yield Population (n = 37) 10-26-Year-Old—High-Yield Population (n = 23)

Variables Min.

Max. Mean SD Ccv Variables Min. Max. Mean SD Ccv

Yield (tha™1) 9.0
N(gkg™ ) 15.6
P(gkg™!) 1.1
K(gkg™) 47
Ca(gkg™) 13.6

Mg(gkg™H) 44
S(gkg™) 13
B(mgkg™!)  19.1

Cu (mg kg™1) 8.2

Fe (mgkg™!)  83.0

Mn (mgkg™!) 2105

Zn (mg kg 1) 16.9

336 192 80 419  Yield(tha!) 92 333 151 58 382
331 215 40 186 N(gkg™ 158 476 212 67 316
1.9 15 02 125 P(gkg™!) 1.0 3.5 14 0.5 386
133 9.1 23 258 K(gkg™) 57 235 98 39 397
300 203 41 202 Ca(gkg™) 6.6 283 154 41 269
9.5 7.0 13 181  Mg(gkgh 2.7 8.1 45 1.1 238
3.2 25 05 202 S(gkg™) 0.1 3.3 2.2 0.7 341
727 373 153 411  B(mgkg!) 188 839 548 212 387
1230 514 315 612 Cu(mgkg!) 120 2325 949 717 756
201.3 1176 273 232  Fe(mgkg ') 530 2580 1386 605 43.6
10120 4272 2077 48.6 Mn(mgkg!) 800 8700 2943 1647 56.0
570 261 74 284 Zn(mgkg!) 200 1027 498 240 481

4-9-year-old—Low-Yield Population (n = 86) 10-26-year-old—Low-Yield Population (n = 30)

Variables Min.

Max. Mean SD Ccv Variables Min. Max. Mean SD Cv

Yield (tha™!) 0.9
N(gkg™ ) 18.2
P(gkg™!) 1.1
K(gkg™) 4.8
Ca(gkg™ 9.8

Mg(gkg ) 31
S(gkg™h 1.2
B(mgkg™') 218

Cu (mgkg™1) 2.6

Fe (mg kg™ 1) 69.0

Mn (mgkg™!) 1420

Zn (mgkg™!)  14.0

88 46 19 419  Yield(tha™!) 02 87 46 26 555
344 234 34 143 N (gkg™) 162 302 210 35 167
20 15 02 124 P(gkg™) 09 21 13 02 176
146 80 23 286 K (gkg™) 51 183 85 28 335
412 223 74 333  Ca(gkg™) 62 306 185 60 327
9.2 6.3 1.3 204 Mg(gkgh 24 7.6 4.9 12 252
32 23 05 211 S(gkg™) 06 32 20 06 280
795 396 136 344  B(mgkg!) 207 1042 448 207 462
2510 693 469 676 Cu(mgkg™!) 103 1500 629 337 536
2630 1422 386 271  Fe(mgkg!) 580 2336 1301 399 307
1639.0 5127 3203 625 Mn(mgkg™!) 940 23280 4993 4274 85.6
390 256 55 214 Zn(mgkg!) 180 1093 408 252 617

In general, for both datasets and for both high- and low-yield populations, the coeffi-
cient of variation was higher for micronutrients compared to macronutrients (Table 2).

The mean and standard deviation of the log-transformed nutrient ratios for leaf content
in the high-yield populations of both the 4-9-year-old and 10-26-year-old plant datasets
were calculated (Tables 3 and 4).

Linear and quadratic regression analyses were performed between the mean Nutrient
Balance Index (NBIm) and yield for both datasets (Figure 3). For the 4-9-year-old plant
dataset, the regression was statistically significant, with an R? of 11%, indicating that 11%
of the variation in yield for ‘Hass” avocado production can be explained by the plant’s
nutritional status (Figure 3a). In contrast, the 10-26-year-old plant dataset showed no
significant correlation, with an R? of 4%, suggesting that for these plots, yield variation is
not solely dependent on the nutritional balance of the avocado trees but also influenced by
other field factors (Figure 3b).



Horticulturae 2025, 11, 621 8 of 19

Table 3. Mean (X) and standard deviation (SD) of log-transformed ratios (R) (DRIS standards) for leaf
nutrient content in the high-yield population of 4-9-year-old ‘Hass’” plants.

4-9-Year-Old—High-Yield Population (n = 37)

R N/P N/K N/Ca N/Mg N/S N/B N/Cu N/Fe N/Mn N/Zn
X 1.16 0.38 0.03 0.49 0.94 —0.21 —-0.31 —-0.73 —1.26 —0.08
SD 0.08 0.12 0.09 0.12 0.11 0.20 0.31 0.10 0.18 0.12
R P/N P/K P/Ca P/Mg P/S P/B P/Cu P/Fe P/Mn P/Zn
X —1.16 —-0.78 —1.14 —0.67 —0.22 —-1.37 —147 —1.90 —2.43 —1.24
SD 0.08 0.09 0.09 0.09 0.08 0.16 0.29 0.11 0.19 0.10
R K/N K/P K/Ca K/Mg K/S K/B K/Cu K/Fe K/Mn K/Zn
X —0.38 0.78 —0.36 0.11 0.56 —0.60 —0.69 —-1.12 —1.65 —0.46
SD 0.12 0.09 0.13 0.14 0.11 0.18 0.34 0.16 0.22 0.14
R Ca/N Ca/P Ca/K Ca/Mg Ca/S Ca/B Ca/Cu Ca/Fe Ca/Mn Ca/Zn
X —0.03 1.14 0.36 0.46 0.92 —-0.24 —0.33 —0.76 —1.29 —0.10
SD 0.09 0.09 0.13 0.10 0.09 0.19 0.31 0.12 0.16 0.13
R Mg/N Mg/P Mg/K Mg/Ca Mg/S Mg/B Mg/Cu Mg/Fe Mg/Mn Mg/Zn
X —0.49 0.67 —0.11 —0.46 0.45 —0.70 —-0.79 —1.22 —-1.75 —0.57
SD 0.12 0.09 0.14 0.10 0.11 0.18 0.29 0.14 0.21 0.14
R S/N S/P S/K S/Ca S5/Mg S/B S/Cu S/Fe S/Mn S/Zn
X —0.94 0.22 —0.56 —0.92 —0.45 —-1.15 —1.25 —1.68 —2.20 —1.02
SD 0.11 0.08 0.11 0.09 0.11 0.16 0.32 0.13 0.18 0.12
R B/N B/P B/K B/Ca B/Mg B/S B/Cu B/Fe B/Mn B/Zn
X 0.21 1.37 0.60 0.24 0.70 1.15 —0.09 —0.52 —1.05 0.14
SD 0.20 0.16 0.18 0.19 0.18 0.16 0.30 0.19 0.27 0.16
R Cu/N Cu/P Cu/K  Cu/Ca Cu/Mg Cu/S Cu/B Cu/Fe Cu/Mn Cu/Zn
X 0.31 1.47 0.69 0.33 0.79 1.25 0.09 —0.43 —0.96 0.23
SD 0.31 0.29 0.34 0.31 0.29 0.32 0.30 0.28 0.38 0.32
R Fe/N Fe/P Fe/K Fe/Ca Fe/Mg Fe/S Fe/B Fe/Cu Fe/Mn Fe/Zn
X 0.73 1.90 1.12 0.76 1.22 1.68 0.52 0.43 —0.53 0.66
SD 0.10 0.11 0.16 0.12 0.14 0.13 0.19 0.28 0.18 0.13
R Mn/N Mn/P Mn/K Mn/Ca Mn/Mg Mn/S Mn/B Mn/Cu Mn/Fe Mn/Zn
X 1.26 243 1.65 1.29 1.75 2.20 1.05 0.96 0.53 1.19
SD 0.18 0.19 0.22 0.16 0.21 0.18 0.27 0.38 0.18 0.20
R Z/n/N Zn/P Zn/K Zn/Ca Zn/Mg 7n/S 7n/B Zn/Cu Z/n/Fe  Zn/Mn
X 0.08 1.24 0.46 0.10 0.57 1.02 —0.14 —0.23 —0.66 —1.19
SD 0.12 0.10 0.14 0.13 0.14 0.12 0.16 0.32 0.13 0.20
Table 4. Mean (x) and standard deviation (SD) of log-transformed ratios (R) (DRIS standards) for leaf
nutrient content in the high-yield population of 10-26-year-old “Hass’ plants.
10-26-Year-old—High-Yield Population (n = 23)
R N/P N/K N/Ca N/Mg N/S N/B N/Cu N/Fe N/Mn N/Zn
X 1.20 0.34 0.14 0.67 1.03 —0.39 —0.53 —0.79 —1.10 —0.34
SD 0.14 0.17 0.15 0.13 0.32 0.24 0.44 0.21 0.24 0.22
R P/N P/K P/Ca P/Mg P/S P/B P/Cu P/Fe P/Mn P/Zn
X —-1.20 —0.85 —1.06 —0.53 —-0.17 —1.58 —-1.72 —-1.99 —2.30 —1.54
SD 0.14 0.10 0.17 0.12 0.28 0.26 0.44 0.24 0.30 0.19
R K/N K/P K/Ca K/Mg K/S K/B K/Cu K/Fe K/Mn K/Zn
X —-0.34 0.85 —-0.21 0.32 0.68 -0.73 —-0.87 —-1.13 —1.45 —0.69
SD 0.17 0.10 0.17 0.14 0.31 0.27 0.42 0.23 0.29 0.21
R Ca/N Ca/P Ca/K Ca/Mg  Ca/S Ca/B Ca/Cu Ca/Fe Ca/Mn Ca/Zn
X —0.14 1.06 0.21 0.53 0.89 —0.53 —0.67 —0.93 —1.24 —0.48

SD 0.15 0.17 0.17 0.07 0.31 0.29 0.39 0.20 0.17 0.23
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10-26-Year-old—High-Yield Population (n = 23)

R Mg/N Mg/P Mg/K  Mg/Ca Mg/S Mg/B Mg/Cu Mg/Fe Mg/Mn Mg/Zn
X —0.67 0.53 —0.32 —0.53 0.36 —1.05 -1.19 —1.46 -1.77 —1.01
SD 0.13 0.12 0.14 0.07 0.32 0.27 0.42 0.19 0.21 0.22
R S/N S/P S/K S/Ca S/Mg S/B S/Cu S/Fe S/Mn S/Zn
X —1.03 0.17 —0.68 —0.89 —0.36 —1.41 —1.55 —1.82 —2.13 -1.37
SD 0.32 0.28 0.31 0.31 0.32 0.34 0.35 0.37 0.38 0.29
R B/N B/P B/K B/Ca B/Mg B/S B/Cu B/Fe B/Mn B/Zn
X 0.39 1.58 0.73 0.53 1.05 1.41 —0.14 —0.40 —0.72 0.04
SD 0.24 0.26 0.27 0.29 0.27 0.34 0.36 0.25 0.36 0.23
R Cu/N Cu/P Cu/K  Cu/Ca Cu/Mg Cu/S Cu/B Cu/Fe Cu/Mn Cu/Zn
X 0.53 1.72 0.87 0.67 1.19 1.55 0.14 —0.26 —0.58 0.19
SD 0.44 0.44 0.42 0.39 0.42 0.35 0.36 0.37 0.41 0.36
R Fe/N Fe/P Fe/K Fe/Ca  Fe/Mg Fe/S Fe/B Fe/Cu Fe/Mn  Fe/Zn
X 0.79 1.99 1.13 0.93 1.46 1.82 0.40 0.26 —-0.31 0.45
SD 0.21 0.24 0.23 0.20 0.19 0.37 0.25 0.37 0.28 0.26
R Mn/N Mn/P Mn/K Mn/Ca Mn/Mg Mn/S Mn/B Mn/Cu Mn/Fe Mn/Zn
X 1.10 2.30 1.45 1.24 1.77 213 0.72 0.58 0.31 0.76
SD 0.24 0.30 0.29 0.17 0.21 0.38 0.36 0.41 0.28 0.37
R Zn/N Zn/P Zn/K  Zn/Ca Zn/Mg  Zn/S Zn/B  Zn/Cu Zn/Fe Zn/Mn
X 0.34 1.54 0.69 0.48 1.01 1.37 -0.04 —0.19 —0.45 —0.76
SD 0.22 0.19 0.21 0.23 0.22 0.29 0.23 0.36 0.26 0.37
7 y=-13.756x + 17.833 Al g ® y=37.142x2-45204 x +21.956
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Figure 3. Relationship between the mean Nutrient Balance Index (NBIm) and yield (t ha~1) in “Hass
(a) 4-9-year-old plants; (b) 10-26-year-old plants. Significancy level: *** p < 0.001.

3.4. CND Standards Establishment

The regression analysis between the cumulative function and yield was fitted to a
cubic model. For the 4-9-year-old plants dataset, the inflection point occurred at 20.3 t ha=!,
classifying 15.0% of the dataset as the high-yield population. In the 10-26-year-old plants
dataset, the inflection point was 10.0 t ha~1, with 33.3% of the dataset classified as high-
yield. The yield in the high-yield population of the 4-9-year-old dataset ranged from 20.6
to 33.6 t ha~!, with a mean productivity of 26.5 t ha~!. For the high-yield population
in the 10-26-year-old plants dataset, the yield ranged from 10.3 to 33.3 t ha~!, with a
mean of 16.1 t ha~! (Table 5). In general, both high- and low-yield populations in both
datasets showed higher coefficients of variation for some types of micronutrient leaf content
compared to macronutrients (Table 5).
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Table 5. Minimum (Min.), maximum (Max.), mean, standard deviation (SD), and coefficient of

variation (CV) for leaf nutrient content and yield in the 4-9-year-old and 10-26-year-old plant

datasets for ‘Hass’, categorized into high- and low-yield populations, for the CND calculation.

4-9-Year-Old—High-Yield Population (n = 18)

10-26-Year-Old—High-Yield Population (1 = 15)

Variables Min. Max. Mean SD Ccv Variables Min. Max. Mean SD Ccv
Yield (tha™1) 20.6 33.6 26.5 4.0 15.1 Yield (tha™1) 10.3 333 16.1 6.1 37.8
N (gkg™1) 156 322 206 4.2 20.5 N (gkg™1) 158 266 194 3.2 16.7
P(gkg™1) 1.1 1.8 15 0.2 12.5 P(gkg™ 1) 1.0 2.0 1.3 0.3 20.3
K (gkg™) 4.7 12.7 8.8 1.9 21.8 K(gkg™ 1 5.7 15.0 9.2 2.3 24.6
Ca(gkg™ 140 283 200 34 16.8 Ca(gkg™ 124 283 16.2 4.4 27.0
Mg (g kg™1) 5.9 9.5 7.5 0.9 115 Mg (g kg™1) 3.1 8.1 45 1.2 25.8
S(gkg™) 1.3 3.1 24 0.6 24.0 S(gkg™h 15 3.3 24 0.6 24.8
B (mg kg~ 1) 19.1 727 411 170 414 B (mg kg~ 1) 190 839 578 240 416
Cu (mg kg™1) 18.0 1092 604 353 584 Cu (mg kg™ 1) 260 2325 1180 742 629
Fe (mg kg™ 1) 83.0 1490 1114 203 18.3 Fe (mg kg™1) 613 2580 1346  59.0 438
Mn (mgkg™!) 2105 5350 3273 977 299 Mn (mgkg™!) 1495 5220 2918 1119 383
Zn (mg kg™ 1) 169 340 252 5.0 20.0 Zn (mg kg™ 1) 240 1027 548 269 492

4-9-Year-old—Low-Yield Population (n = 102)

10-26-Year-old—Low-Yield Population (n = 30)

Variables Min. Max. Mean SD Ccv Variables Min. Max. Mean SD Ccv
Yield (tha™1) 0.9 18.5 6.0 3.7 60.7 Yield (tha=1) 0.2 9.5 4.8 2.8 58.6
N (gkg™h 178 338 231 3.2 14.0 N (gkg™h 162 262 207 3.1 15.1
P(gkg™) 1.1 1.9 15 0.2 11.8 P(gkg™) 1.0 1.7 13 0.2 143
K(gkg™1 4.8 14.6 8.3 24 29.1 K(gkg™ 5.1 14.3 7.9 1.7 222
Ca(gkg™) 9.8 412 221 7.0 31.7 Ca(gkg™) 6.2 30,6 18.0 5.8 32.2
Mg (gkg™1) 3.3 9.4 6.4 1.2 19.5 Mg (g kg™ 24 7.6 49 12 25.5
S(gkg™) 12 3.2 24 0.5 20.6 S(gkg™) 14 3.2 2.1 05 222
B (mgkg!) 209 795 384 132 345 B (mgkg!) 207 741 424 167 393
Cu (mgkg™) 82 2510 661 447 676 Cu (mgkg™) 103 1500  69.7 341 489
Fe (mg kg~ 1) 69.0 2630 1373 368 268 Fe (mg kg 1) 580 2260 1313 380 290
Mn (mgkg™1) 1540 1639.0 5115 301.3 589 Mn (mg kg™ 1) 94.0 23280 5185 430.1  83.0
Zn (mg kg™ 1) 140 570 256 6.1 23.9 Zn (mg kg™ 1) 180 1093 383 243 633

The mean and standard deviation of the multivariate relationships between nutri-
ents (CND standards) were calculated (Table 6). Based on the high values obtained, the
macronutrients with the greatest requirements for ‘Hass” avocado production, in both
datasets, were ranked in descending order as follows: N > Ca > K > Mg > S > P (Table 6).

Table 6. Mean and standard deviation (SD) of multivariate relationship between nutrients (CND

standards) for leaf nutrient content in relation to yield in the 4-9-year-old and 10-26-year-old plant

datasets for ‘Hass’.

4-9-Year-Old (n = 18)

10-26-Year-Old (n = 15)

Variables

Mean SD Mean SD

VN 2.87 0.20 2.74 0.17
Vp 0.23 0.09 0.01 0.22
Vk 2.01 0.20 1.98 0.22
Vca 2.84 0.16 2.54 0.29
VMg 1.87 0.12 1.28 0.27
Vs 0.70 0.20 0.63 0.20
Vg —3.41 0.36 —3.18 0.47
Veu —3.12 0.63 —2.57 0.63
Ve —2.35 0.16 —2.30 0.34
VMn —1.30 0.30 —1.51 0.43
Vzn —3.84 0.17 —3.23 0.40
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The Nutrient Imbalance Index (CND-r?) regression in relation to yield for both datasets
was fitted to a linear model. For the 4-9-year-old plants dataset, the regression was highly
significant (p < 0.001), while for the 10-26-year-old plants dataset, it was significant at the
5% level. In both datasets, the R? value was 14%, indicating that, using the CND method,
14% of the variation in yield can be explained by nutritional balance (Figure 4).
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Figure 4. Relationship between the Nutrient Imbalance Index (CND-1r?) and yield in ‘Hass’
(a) 4-9-year-old plants; (b) 10-26-year-old plants. Significancy level: *** p <0.001, and * p < 0.05.
3.5. Sufficiency Range (SR) and Critical Level (CL) Development

Establishing the SR and CL using the DRIS indices for each nutrient and their relation-
ships with the respective leaf nutrient content resulted in linear, quadratic, and logarithmic
regression models (Table 7). All regressions were significant (p < 0.001, p <0.01, and p < 0.05)
for both datasets, with high R? values ranging from 38% to 96%. As a result, SRs and CLs
were calculated using the DRIS method for both the 4-9-year-old and 10-26-year-old plant
datasets (Table 7).

In the CND method, regressions were fitted to linear, quadratic, and logarithmic
models to analyze the relationship between the CND indices and their respective nutrient
content (Table 8). For both the 4-9-year-old and 10-26-year-old plant datasets, all regres-
sions were significant (p < 0.001, p < 0.01, and p < 0.05), with R? values ranging from 35% to
98% (Table 7). SRs and CLs were successfully established using the CND method (Table 8).
Table 7. Statistical models for the relationship between DRIS indices and leaf nutrient content,
sufficiency ranges (SRs), and Critical Levels (CLs) according to datasets: 4-9-year-old and 10-26-year-
old plants for ‘Hass’ avocado production.

4-9-Year-Old Plants—DRIS
Nutrients Equations R? SRs CLs
N IN =0.1404 N — 3.0464 0.61 *** 19.3-24.1 22.0
p IP=1.7071P — 2.5472 0.38 *** 1.4-1.6 1.5
K IK = 2.8461 In(K) — 6.277 0.85 *** 7.5-10.6 9.1
Ca ICa = —0.0016 Ca? + 0.2089 Ca — 3.6517 0.90 ** 16.4-25.2 20.8
Mg IMg =2.793 In(Mg) — 5.5079 0.74 *** 6.3-8.1 7.2
S IS = —0.2963 S* +2.659 S — 4.8205 0.77* 22-29 25
B IB = —0.0004 B> + 0.094 B — 2.8183 0.89 *** 25.9-44.7 35.3
Cu ICu =1.3711 In(Cu) — 5.17 0.97 *** 14.4-72.4 43.4
Fe IFe = —0.00004 Fe? + 0.03393 Fe — 3.36924 0.83 ** 92.3-141.9 117.1
Mn IMn =2.0396 In(Mn) — 12.198 0.96 *** 200.5-590.9 395.7
Zn 1Zn = —0.0008 Zn? + 0.1493 Zn — 3.3672 0.77 * 22.2-30.3 26.2
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Table 7. Cont.

10-26-Year-old plants—DRIS

Nutrients Equations R? SRs CLs
N IN =0.0789 N — 1.6475 0.53 *** 17.5-24.3 20.9
P IP = 1.648 In(P) — 0.394 0.50 *** 1.0-1.5 1.3
K IK =2.0639 In(K) — 4.618 0.74 *** 71—11.6 9.4
Ca ICa =0.1098 Ca — 1.6736 0.82 *** 11.6-18.9 15.2

Mg IMg =0.3093 Mg — 1.3779 0.64 *** 3.7-5.2 45
S IS =1.1948 In(S) — 0.7657 0.86 *** 1.5-2.3 1.9
B IB = —0.0005 B> + 0.0827 B — 2.8745 0.87 *** 35.5-63.9 49.7

Cu ICu = 0.9894 In(Cu) — 4.2047 0.96 *** 33.2-107.0 70.1
Fe IFe=0.0114 Fe — 1.5444 0.84 *** 101.9-167.9 134.9

Mn IMn =1.4714 In(Mn) — 8.1397 0.93 *** 18.0-487.2 252.6

Zn IZn =1.5252 In(Zn) — 5.8326 0.89 *** 29.2-62.3 45.8

Significancy levels: ** p < 0.001, ** p < 0.01, and * p < 0.05.

Table 8. Statistical models for the relationship between CND indices and leaf nutrient content,
sufficiency ranges (SRs), and Critical Levels (CLs) according to datasets: 4-9-year-old and 10-26-year-
old plants for ‘Hass’ avocado production.

4-9-Year-Old—CND

Nutrients Equations R? SRs CLs
N In =0.2167 N — 4.561 0.73 *** 18.7-23.4 21.0
P Ip =5.3612 P — 8.1313 0.49 *** 14-1.6 1.5
K Ix = 4.5593 In(K) — 9.9646 0.88 *** 7.3-10.5 8.9
Ca I, = —0.0040 Ca? + 0.4277 Ca — 7.0868 0.91 *** 16.1-25.0 20.6

Mg Ipg = —0.069 Mg? + 2.0621 Mg — 11.969 0.78 * 7.0-8.7 7.9
S Is = —0.3885 S% + 3.5794 S — 6.3825 0.83 ** 2.1-2.8 24
B Iz = —0.0005 B2 + 0.1026 B — 3.374 0.92 *** 31.9-50.3 41.1

Cu Icy =1.4527 In(Cu) — 5.742 0.98 *** 23.2-80.9 521
Fe Ire = —0.00007 Fe? + 0.05894 Fe — 5.71554 0.86 ** 87.9—135.8 111.8

Mn Intn = 3.0393 In(Mn) — 17.501 0.97 *** 125.0-508.6 316.8

Zn I7,, = 5.0656 In(Zn) — 16.442 0.81 *** 21.7-29.6 25.7

10-26-Year-old—CND

Nutrients Equations R? SRs CLs
N In=0.227 N — 4.078 0.38 *** 15.8-20.1 18.0
P Ip =2.5398 P — 2.9653 0.35 *** 1.0-1.3 1.2
K Ix =0.4669 K — 4.1324 0.62 *** 7.5-10.2 8.9
Ca Ic, =0.1706 Ca — 2.6455 0.84 *** 11.9-19.1 15.5

Mg Ipg = 0.5147 Mg — 2.147 0.68 *** 3.4-5.0 42
S Is=1.1318S — 2.6719 0.53 *** 2.1-2.8 24
B Iz = —0.0008 B + 0.1185 B — 3.8802 0.89 *** 35.2-62.5 48.9

Cu Icy = 1.2955 In(Cu) — 5.9171 0.97 *** 59.5-133.1 96.3
Fe Ire = 0.0159 Fe — 1.9474 0.82 *** 92.2-152.8 1225

Mn Intn = 2.1335 In(Mn) — 11.818 0.94 *** 7.2-501.8 254.5

Zn Iz, =2.0282 In(Zn) — 7.9003 0.91 *** 31.8-66.6 49.2

significancy levels: *** p < 0.001, ** p < 0.01, and * p < 0.05.

For comparison, the SRs established in this study using the CND and DRIS indices
for both the 4-9-year-old and 10-26-year-old plant datasets are presented alongside the
existing SRs for avocado production in Brazil, United States and France in Tables 9 and 10.
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Table 9. Macronutrient sufficiency ranges (SRs) for avocado production obtained by the DRIS and
CND methods in the present study in comparison to the SRs existing in Brazil, the United States
(USA), and France.

N P K Ca Mg S

References g kg1
4-9-year-old plants—DRIS 19.3-24.1 1.4-1.6 7.5-10.5 16.4-25.2 6.3-8.1 22-29
4-9-year-old plants—CND 18.7-23.4 1.4-1.6 7.3-10.5 16.1-25.0 7.0-8.7 2.1-2.8
10-26-year-old plants—DRIS 17.5-24.3 1.0-1.5 7.1-11.6 11.6-18.9 3.7-5.2 1.5-2.3
10-26-year-old plants—CND 15.8-20.1 1.0-1.3 7.5-10.2 11.9-19.1 34-5.0 2.1-2.8
Teixeira ! 16.0-20.0 0.8-2.5 7.0-20.0 10.0-30.0 2.5-8.0 2.0-6.0
Quaggio and van Raij 2 16.0-20.0 0.8-2.5 7.0-20.0 10.0-30.0 2.5-8.0 2.0-6.0
Crowley 3 22.5-29.0 1.0-1.5 7.0-9.0 18.0-20.0 6.0-9.0 45-5.6
Gaillard * 16.0-20.0 0.8-2.5 7.5-20.0 10.0-30.0 2.5-8.0 2.0-6.0
Embleton and Jones ° 20.0-26.0 1.0-2.5 7.5-20.0 10.0-30.0 2.5-8.0 2.0-6.0

1114]. 2 [15]. 3 [40]. 4 [41]. ® [16].

Table 10. Micronutrient sufficiency ranges (SRs) for avocado production obtained by the DRIS and
CND methods in the present study in comparison to the SRs existing in in Brazil, the United States
(USA), and France.

B Cu Fe Mn Zn

References mg kg1
4-9-year-old plants—DRIS 25.9-44.7 14.4-72.4 92.3-141.9 200.5-590.9 22.2-30.3
4-9-year-old plants—CND 31.9-50.3 23.2-80.9 87.9-135.8 125.0-508.6 21.7-29.6
10-26-year-old plants—DRIS 35.5-63.9 33.2-107.0 101.9-167.9 18.0-487.2 29.2-62.3
10-26-year-old plants—CND 35.2-62.5 59.5-133.1 92.2-152.8 7.2-501.8 31.8-66.6
Teixeira ! 50.0-100.0 5.0-15.0 50.0-200.0 30.0-100.0 30.0-100.0
Quaggio and van Raij 2 50.0-100.0 5.0-15.0 50.0-200.0 30.0-100.0 30.0-100.0
Crowley 3 38.0-60.0 4.0-7.0 55.0-80.0 110.0-145.0 50.0-80.0
Gaillard 4 50.0-100.0 5.0-15.0 50.0-200.0 30.0-500.0 30.0-150.0
Embleton and Jones ° 50.0-100.0 5.0-15.0 50.0-200.0 30.0-500.0 30.0-150.0

1[14]. 2 [15]. 3 [40]. * [41]. ® [16].

The SRs established in this study showed differences between the plant datasets for
both DRIS and CND. Higher values of N, Ca, Mg, Cu, and Zn were calculated for the
4-9-year-old plants dataset compared to the 10-26-year-old plants. Additionally, a wider
range of Mn was observed in the older plant group (Tables 9 and 10).

When compared to the existing SRs in Brazil, the values from this study revealed some
differences, narrowing the SRs for all nutrients except Mn. It is important to note that, for
some nutrients, the existing SRs either overestimate or underestimate the optimal range
compared to our results (Tables 9 and 10).

Some similarities were found between the SRs established by Embleton and Jones [16]
and Gaillard [41] and the existing Brazilian SRs, even though these SRs were developed
for different locations. For instance, our established SRs differ in value from the recently
established ranges for California [40].

4. Discussion

Mineral nutrition is one of the most essential factors influencing plant development
and yield [42]. Supplying macronutrients and micronutrients in a balanced way enables
the crop to reach its genetic potential for growth and productivity [43]. On the other
hand, an excess or deficiency of nutrients can directly affect crops’ yield and quality [44],
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underscoring the importance of an adequate nutrient supply. In our study, both datasets
showed significant positive and negative correlations between nutrient content and yield.

The 4-9-year-old plants exhibited a negative correlation with N, Fe, and Mn and a
positive correlation with Mg, while the 10-26-year-old plants showed a negative correlation
with Ca, Mg, and Mn and a positive correlation with B, Cu, and Zn. However, explaining
yield through univariate methods is challenging, as nutrients interact in complex multi-
nutrient relationships [45]. As observed in the correlation matrix, almost all nutrients
showed significant correlations with one another, highlighting that using a univariate
method to explain yield is insufficient [46].

The variability in nutrient content in both datasets was higher for some micronutri-
ents compared to macronutrients, as indicated by the high coefficient of variation. This
phenomenon is not fully understood [47], but it is likely related to evolutionary and envi-
ronmental factors. Additionally, macronutrients, which are required in larger quantities,
tend to be more stable [47,48], a trend also observed in recent DRIS and CND studies on
fruit crops [49,50]. In particular, the higher coefficients of variation (CVs) observed for Cu
may be associated with the application of agrochemicals containing this micronutrient,
which are routinely used. Despite careful washing of the plant material, Cu may remain
adhered to suberized, non-physiologically active tissues, which are still included in analyti-
cal procedures that digest the entire leaf sample. In contrast, the high variability observed
for Fe is likely due to differences in soil properties, especially at greater depths (below the
arable layer). Such variability is common in tropical soils and may exert a greater influence
on avocado crops, which are characterized by a deep root system.

The plots in the high-yield population showed a yield variation ranging from 9.0 to
33.6 t ha~! in the 4-9-year-old plants dataset and from 9.2 to 33.3 tha~! in the 10-26-year-
old plants dataset. The mean productivity for the high-yield populations was 19.2 t ha~!
for the younger plant group, which is higher than the Brazilian mean productivity of
18.6 tha~! in 2023 [9], and 15.1 t ha~! for the older plant group, which is lower than the
national average.

Avocado yield is influenced by various biotic and abiotic factors, including climate
variations, pests, soil conditions, and diseases [51-54]. Additionally, as plants age, their
yield tends to decrease [55], which may help explain the yield differences observed between
the two datasets in our study. It is also worth noting that the 10-26-year-old plants dataset
includes plots with larger spacings, which may influence yield [56].

However, both datasets included plots yielding more than 30 t ha~!, which is con-
sidered above the estimated potential for avocado production [10], suggesting that the
datasets are suitable for establishing nutritional standards, as they presents high-yield
orchards [57].

According to the multi-nutrient variables obtained through the CND method in this
study, the greatest nutrient requirement for avocado production in both plant age groups
was N > Ca > K. This differs from fruit nutrient removal studies, where in Mexico the
highest nutrient export was K > N > Mg [58] and in Colombia, K > N > P [59]. This disparity
emphasizes the need for site-specific studies on nutrient management in avocado, which
are still lacking under Brazilian conditions.

Using the mean Nutrient Balance Index (NBIm) from the DRIS method and the Nutri-
ent Imbalance Index (CND-1?) from the CND method, regression analysis was performed
with the yield for both datasets. High values of NBIm and CND-r? indicate nutritional
imbalances in the plot, which consequently reduce yields [49]. When significant, the coeffi-
cient of determination from the regression can explain, in percentage, the variation in yield
affected by the plant’s nutritional status [49,60].
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In the present study, all regressions were significant, except for the DRIS method in
the 10-26-year-old plants dataset. The reasons for DRIS method being ineffective for older
trees may be derived from the fact that the subpopulation division in this method is based
on an arbitrary criterion, and that the DRIS does not include the outlier exclusion as in the
CND method. The R? values for the 4-9-year-old plants dataset were 11% (DRIS) and 14%
(CND), while for the 10-26-year-old plants dataset, they were 0.4% (DRIS) and 14% (CND).
This indicates that, for the 4-9-year-old plants, 11% and 14% of the yield variation can be
explained by nutritional balance, while for the 10-26-year-old plants dataset, only the CND
method was effective in explaining 14% of the variation in yield.

The DRIS method has been successfully and widely applied to assess the nutri-
tional status of fruit and perennial crops, leading to the development of SRs and CLs, as
demonstrated for sweet cherry [Prunus avium (L.) L.] [61], apple [Malus domestica (Suckow)
Borkh.] [62], rubber tree [Hevea brasiliensis (Willd. Ex A.Juss.) Miull.Arg.] [22], and more
recently for cashew (Anacardium occidentale L.) [63] and mango (Mangifera indica L.) [64].

However, in the present study, the CND method proved to be superior to DRIS for
evaluating the nutritional status of ‘Hass” avocado. CND is a multivariate approach that
considers the relationship between nutrient content and the geometric mean of other dry
matter components, including those not measured in the tissue analysis [13,25]. Addi-
tionally, unlike the arbitrary division of high- and low-yield populations in the DRIS
method [65], the CND method bases its division on the cumulative function of the vari-
ance ratio derived from the indices. It also uses Mahalanobis distance prior to population
division, excluding aberrant data [23], which results in a more precise diagnosis [37,66].

Using the equations of the obtained regressions between nutrient indices and leaf
nutrient content, equating them to zero made it possible to obtain the Critical Levels (CLs)
for both the DRIS and CND methods, and by adding or subtracting two-thirds of the
standard deviation of the indices, the sufficiency ranges (SRs) were calculated [60]. In this
study, for the first time, we established the CLs and SRs for ‘Hass” avocado production
in Brazil, based on plant age, from data collected in commercial orchards. Plant aging
alters the nutritional status of perennial woody trees and should be considered when
planning fertilization programs [67], as well as when establishing nutritional standards, as
demonstrated in this study, supporting the indications by Rozane et al. [68] on the need to
develop specific norms and refuting the applicability of universal standards.

Despite the existence of SRs for avocado production in Brazil [14,15], these values
for leaf nutritional diagnosis, considered adequate, are not cultivar-specific and have not
been updated since 1997. Additionally, the values are similar to SRs established in other
countries [16,41], suggesting that they may be adaptations of those SRs and may not be
suitable for Brazilian orchards. This discrepancy is reflected in the different results obtained
in the present study.

A similar situation occurred in California, where SRs were established by adapting
values used in citrus production, combined with researcher knowledge [69]. The new
optimum ranges for California avocado production were then defined, and these values
differ from those previously used [40], highlighting the necessity of updating the old SRs
and generating new, specific ranges to guide producers.

The development of site-specific nutritional status guidelines, such as SRs and CLs,
is essential for accurately monitoring the nutritional balance of orchards [70], challenging
the validity of universal recommendations [68]. Variations in edaphoclimatic conditions
such as temperature and rainfall directly influence plant nutrient requirements by altering
growth patterns and physiological responses [71-73]. Additionally, soil type and fertility
are key factors that shape nutrient availability and influence symbiotic associations within
the crop [74-76]. These environmental conditions may induce structural and physiological
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adaptations in plants, enhancing their ability to optimize their nutrient uptake and response
under specific scenarios [75,76]. Building on the influence of local environmental factors,
climate change introduces an additional layer of complexity to plant nutrition by affecting
nutrient availability and plant physiology, largely driven by the rise in atmospheric CO,
and global mean temperatures [19,21].

In summary, the nutritional standards for ‘Hass” avocado production, along with the
CLs and SRs, were successfully established using the DRIS and CND methods. These results
will serve as a valuable tool for nutritional monitoring in Brazilian orchards, improving
nutritional balance and, consequently, yields, while minimizing losses due to over- and
under-fertilization. Soon, management tools based on the CND norms will be developed,
including software similar to the one presented by Rozane [77].

Annual recording of leaf nutrient content and yield data is needed to improve future
DRIS and CND analyses for avocado in Brazil, especially regarding other cultivation regions
and different cultivars, improving the robustness of the standards and SRs and CLs for
nutritional analysis in this fruit crop.

5. Conclusions

Nutritional standards for ‘Hass” avocado production were established using the DRIS
method for 4-9-year-old plants and the CND method for both 4-9 and 10-26-year-old
plant groups. CND proved more efficient than DRIS in explaining the yield variation
related to nutritional balance, accounting for 14% of the variation across both age groups,
with this portion of variability attributed to nutritional conditions. DRIS and CND norms
can be applied to assess nutrient excess, equilibrium, or deficiency for both macro- and
micronutrients. The SRs and CLs generated from these methods serve as useful tools for
nutritional diagnosis and support adequate ‘Hass” avocado production in Brazil. Together,
the DRIS and CND indices, along with SRs and CLs, will contribute to more precise nutrient
monitoring and fertilization strategies. Importantly, SR and CL values varied according to
plant age. Further data from different cultivated regions and cultivars are needed to refine
nutritional guidelines and enhance the productivity of this important and expanding crop
in Brazil.
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