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ABSTRACT

The equilibrium and nutritional balance of plants are known to be of utmost importance to evaluate their yield potential and to comprehend
the dynamics of nutrients in the soil-plant system. Hence, the present study determined the reference values for evaluating the nutritional
status of ‘Gigante’ cactus pear cultivated with organic fertilization in semiarid conditions by Diagnosis and Recommendation Integrated
System (DRIS) and Balanced Indexes of Kenworthy (BIK) methods. The cladodes nutrients contents and dry matter yield of 72 plots were
employed. The database was classified into a high-yield and low-yield population, above and below 19.93 Mg ha™' cycle™, respectively.
The five ranges of nutrient contents in cladodes were defined based on the standard deviation range(s) of the DRIS indexes of the high-
yield population. Furthermore, the fixed BIK values made it possible to ascertain the lower and the upper limit of the reference values
of nutrient contents in the cladodes. The reference values for all nutrients determined by the DRIS and BIK methods varied from each
other and those reported in the literature. These methods were efficient in identifying the limiting nutrients for ‘Gigante’ cactus pear, with
differences in the hierarchical order of limitation, due to lack or excess, and nutrients not limiting to productivity.

Index terms: Opuntia; optimal range; nutrient dynamic.

RESUMO

O equilibrio e o balango nutricional das plantas sdo de extrema importancia para avaliar seu potencial produtivo e para compreender
a dindmica dos nutrientes no sistema solo-planta. Assim, objetivou-se determinar valores de referéncia para diagnose nutricional de
palma forrageira ‘Gigante’ cultivada com adubacdo orgénica em condi¢des semidridas pelos métodos Sistema Integrado de Diagnose e
Recomendacéo (DRIS) e indices Balanceados de Kenworthy (IBK). Utilizaram-se teores de nutrientes dos cladédios e produtividades de
matéria seca de 72 parcelas. O banco de dados foi separado em populagdo de alta e de baixa produtividade, acima e abaixo de 19,93
Mg ha' ciclo™, respectivamente. As cinco faixas dos teores de nutrientes nos cladédios foram definidas de acordo com a(s) faixa(s) de
desvio padrdo dos indices DRIS da subpopulagdo de alta produtividade. Por sua vez, com valores fixos do IBK, foi possivel determinar
o limite inferior e o limite superior dos valores de referéncia dos teores de nutrientes nos cladédios. Os valores de referéncia gerados
para todos os nutrientes pelos métodos DRIS e IBK diferem entre si e da literatura. Esses métodos sdo eficientes na identificacdo dos
nutrientes limitantes para palma forrageira ‘Gigante’, havendo diferencas na ordem hierarquica da limitacdo, por falta ou por excesso, e
dos nutrientes ndo limitantes a produtividade.

Termos para indexacgdo: Opuntia; teores 6timos; dinamica dos nutrientes.

INTRODUCTION

Adaptation of the cactus pear (Opuntia ficus-
indica Mill.) crop to the hostile conditions of the semiarid
area is attributed to its morphological and physiological

2.87 million tons, and Bahia is responsible for 45% of this
production (Instituto Brasileiro de Geografia e Estatistica
- IBGE, 2017). Owing to its high dry matter production
per unit area, high content of non-fibrous carbohydrates,

characteristics that confer tolerance to long periods of
drought and provide high water use efficiency (Donato et
al., 2014a). The yield of this crop in Brazil accounts for
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good acceptability, digestibility, and good energy value,
the crop provides a viable solution for feeding herds during
dry periods (Almeida, 2012).
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The significance of equilibrium and nutritional
balance of plants in estimating their yield potential is well-
known (Serra et al., 2010). Tissue diagnosis, reflecting the
dynamics of nutrients in the soil-plant system, is employed as
a complement to soil chemical analysis and visual diagnosis.
As a holistic approach to elucidate the nutritional status
of plants, the tissue concentration of nutrients is currently
considered the most pertinent and reliable method. The
dynamic nature of nutrient composition in plant tissues has
been addressed by several methods (Attar; Joolka, 2015).

The Diagnosis and Recommendation Integrated
System (DRIS), a method developed by Beaufils (1973),
nurtures the dual rations between nutrients based on norms
to explore the degree of nutrient equilibrium in the plant
(Guimaraes et al., 2015). On the other hand, a univariate
method proposed by Kenworthy in 1961, Balanced Indexes
of Kenworthy (BIK), is based on the ratio between the
content of a nutrient in a sample and the critical level. This
method obtains the statistical parameters such as mean
and coefficient of variation from the high-yield group to
be used as norms. Like DRIS, BIKs allow nutrients to be
arranged in order of limitation sequences; however, to
assess the nutritional status of plants, the use of specific
norms for locations and cultivars in preference to universal
ones is recommended (Rodrigues Filho et al., 2021).

There are limited studies that revealed the reference
values for the cactus pear by the methods of nutritional
diagnosis. Blanco-Macias et al. (2009, 2010) adopted the
Compositional Nutrient Diagnosis (CND) and Boundary
Line methods to elucidate the sufficiency ranges for the
crop under edaphoclimatic conditions in Mexico; Teixeira
et al. (2019) established the DRIS norms; the interpretive
standards for nutrient content in the cladodes were determined
by Alves et al. (2019a, b) with the help of the methods of
Mathematical Chance (ChM) and Sufficiency Range; and
Donato etal. (2017b) established the chemical attributes of the
soil cultivated with ‘Gigante’ cactus pear by the Sufficiency
Range and Critical Level methods by the reduced normal
distribution (NCRIz) in semiarid conditions of Bahia.

In this context, the objective of the present study
was to employ the DRIS and BIK methods to determine
the reference values for nutritional diagnosis of ‘Gigante’
cactus pear cultivated with organic fertilization in semiarid
conditions of Bahia.

MATERIAL AND METHODS

The soil used for the experiment with ‘Gigante’
cactus pear was originally classified as dystrophic
Latossolo Vermelho-Amarelo, medium texture (Santos
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et al., 2018), corresponding to Oxisol (Soil Survey Staff,
2014). The area was located in the Baiano Federal Institute,
Guanambi Campus, Bahia, with an average altitude of 525
m, a latitude of 14°13°30” S, a longitude 0f 42°46°53” W,
and the climatic conditions included annual precipitation
averages of 680 mm and temperature 26 °C.

The present study used the basic data from Donato
etal. (2014a, b, 2016, 2017a) and Barros et al. (2016). The
contents of macronutrients (N, P, K, S, Ca, and Mg) and
micronutrients (B, Cu, Fe, Mn, Zn, and Na) were measured
from samples collected in freshly mature cladodes. The data
also included the dry matter yield (DMY) and the extraction
of nutrients from 72 plots of an experiment with ‘Gigante’
cactus pear, whose average DMY was 19.93 Mgha™' cycle™.

The description of the soil attributes of the experimental
arca before planting the cactus pear was derived from Donato
et al. (2014a, b, 2016, 2017a) and Barros et al. (2016). The
sliced samples were placed for drying in a forced circulation
oven at 60 °C for 72 h. After drying and grinding in a Willey
mill with a 1 mm sieve, they were identified and packed in
plastic pots and sent to the laboratory of the Agricultural
Research Company of Minas Gerais (EPAMIG-Norte). The
results of the chemical analyses of the plant tissue, along with
the respective yield results, were documented and processed
in a Microsoft Excel® spreadsheet.

To determine the reference values, the database was
segregated into the high-yield population (HYP) and low-
yield population (LYP), above and below 19.93 Mg ha
cycle™ of dry matter, respectively. This criterion refers to
the average dry matter yield of the 72 plots. After defining
the high-yield population, the Lilliefors test helped to
estimate the normal distribution of yield.

Based on the high-yield population, the DRIS
indexes for each nutrient were computed using the formula
proposed by Beaufils (1973), being for a nutrient A:

P 4 m Bj
) m
I4=
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where
IA = DRIS index of the nutrient;

n A . . . .
LS 3 = sum of the functions in which nutrient “A”
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n=number of times the nutrient appears in the numerator;
m = number of times the nutrient appears in the denominator.

The value of the intermediate functions f(A/B),
defined as the relationship between the ration in the sample
and the ration in the population, was calculated using the
formula of Jones (1981):

f(A4/B)=[(4/B)~(a/b)]/s 2)

where

A/B = dual ratios between the contents of nutrients A and
B in the plot under diagnosis;

a/b=average of dual rations between the levels of nutrients
A and B in the high-yield population;

s = standard deviation of dual rations of nutrients A and
B in high-yield population;

f(A/B) = studentized range between the value of the dual
ratio of nutrients A and B in the crop under diagnosis (A/B)
and the average value of the dual ratio between nutrients
A and B of the high-yield population (a/b), expressed in
units of standard deviation.

Estimation of the DRIS index of each nutrient was
followed by the calculation of the nutritional balance
index (NBI) and the average nutritional balance index
(NBIa). The NBI was the summation of the absolute
values of the indexes generated for the sample, obtained
for each nutrient, whereas the NBla was obtained by the
NBI of each sample divided by the number of nutrients
participating in the calculation. The interpretation of
the DRIS indexes was performed by the method of the
Response Potential to Fertilization (RPF), from five
classes (Wadt, 2005): RPF null (z) = | Inut | < NBIa;
positive or null RPF (pz) = | Inut | > NBIa, as long as
Inut < 0; Positive RPF (p) = | Inut | > NBlIa, provided
that the assessed Inut was the lowest DRIS index among
the other nutrients; negative or null RPF (nz) = | Inut | >
NBIa, as long as Inut > 0; and negative RPF (n) = | Inut
| > NBIa, as long as the assessed Inut was the highest
DRIS index among the other nutrients. Present study also
determined the frequency with which each nutrient was
identified in each class.

According to Silva et al. (2005), the classes of the
Response Potential to Fertilization (p, pz, z, nz, and n)
were grouped in three categories of nutritional status: the
positive (p) and positive or null (pz) fertilization response
minimized to limiting due to lack (LF); null (z), non-
limiting (NL); and negative (n) and negative or null (nz),
to limited by excess (LE).

Based on the range(s) of the standard deviation of
the DRIS indexes of the high-yield population (Teixeira
et al., 2019), the five ranges of nutrient contents in the
cladodes were defined, where deficient nutritional status:
<-4/3s;low: -4/3 sto - 2/3 s; normal: - 2/3 sto 2/3 s;
high: 2/3 s to 4/3 s; and excessive: >4/3 s (Beaufils, 1973).

In turn, the standard indexes (P, I, and BIK,
expressed in percentage) were calculated from the high-
yield population, regardless of whether the nutrient
content in the sample (y,) was higher or lower than the
average content of the reference population, considered
standard (¥), according to the method adjusted by Alvarez
and Leite (1999), from Kenworthy (1973).

P=100y, /¥ @)
1=CV (y,~y/7) @)
BIK=P-1 (5)
where

P =Proportion between the nutrient content in the sample
(y,) and the standard content (y);

I = Influence of variation;

CV = Coefficient of variation of the nutrient content in the
high-yield population;

BIK = Balanced Indexes of Kenworthy.

The value obtained for the Balanced Indexes of
Kenworthy (BIK) was used as the basis to classify the nutrient
content in the sample as follows: deficient (< 50%), below
normal (50 to 83%), normal (83 to 117%), above normal (117
to 150%), and excessive (> 150%). The five classes of relative
frequency were grouped in three: the deficient and below
normal classes were reduced to limiting due to lack (LF);
normal, non-limiting (NL); and above normal and excessive,
to excess limiting (LE), analogous to DRIS.

With fixed values of the indexes (BIK), the lower
limit (L)) and the upper limit (L ) of the reference values
of nutrient contents in the cladodes were estimated using
the following equation:

_(cv,-BIK)
X, =% (6)
(CV, -100)

where

X, = nutrient content i at the lower or upper limit of the
class;

CV, = coefficient of variation of nutrient i;

Xi = average standard nutrient present in i;
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BIK = fixed BIK values to determine the lower or upper
limits of the class.

Five classes of the reference values were established.
For the deficient class, L : BIK = 50; low, L;: BIK = 50 and
L, BIK = 83; normal, L;: BIK = 83 and L : BIK = 117;
high, L;: BIK =117 and L : BIK = 150; excessive, L;: BIK
= 150. The optimum nutrient content was defined by the
average value (100%) balanced indexes in the normal class.

RESULTS AND DISCUSSION

A variation coefficient greater than 30% was
observed for the macronutrients P and S and micronutrients,
except B, and the highest CV was demonstrated by the
nutrient Mn (80.71%) (Table 1). While using the BIK, a
significant reduction in the sensitivity of the diagnosis was
evident in situations with a higher coefficient of variation
of the nutrient content in the reference population. This is
attributed to the fact that the ranges originally proposed
by Kenworthy (1961) for apple trees consider an average
variability of 20% for each nutrient. This imparts a problem
while dealing with micronutrients, as their leaf contents tend
to have a variability greater than 20% (Rodrigues Filho et al.,
2021). Thus, in situations of higher coefficient of variation,
the reference values assume greater amplitudes and may
prove inadequate, which can be optimized by using relative
productivity classes (Lima Neto et al., 2020).

The optimum content for each nutrient (Table 1) was
obtained from the linear models adjusted for the nutrient
content in the cladodes as a function of the DRIS index
and the average value (100%) of the Balanced Indexes of
Kenworthy in the normal class. For both methods, the values
of the optimum content obtained were the same or very
close, with no significant difference as per the t-test (p >
0.01). According to Urano et al. (2007), the average content
in the high-yield population was in correspondence to the
optimum content estimated by the relationship between the
DRIS indexes and the leaf contents, validating the normal
distribution of dual rations, with the assumption that the
average is equal to the median.

A positive relationship was witnessed between the
levels of all nutrients in the cladodes and the respective
DRIS indexes and BIK (Table 2). DRIS indexes close to
zero, below, and above zero indicated that the nutrient was
in balance, deficiency, and excess, respectively (Beaufils,
1973). The statistical models reflecting the fit between the
BIK and the nutrient content were all significant (p <0.01).
In DRIS, positive and significant (at 1%) relationships
were revealed between the indexes and the concentrations
of N, P, S, Mg, Cu, Fe, Mn, Zn, and Na. The positive and
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significant (at 5%) adjustment was noted for K, whereas,
for Ca and B, the adjustments were non-significant (p >
0.05). In the case of N, P, S, Cu, Fe, Mn, Zn, and Na, the
higher determination coefficients (R?>> 0.50) suggested
the dependency of the DRIS index on the nutrient content
itself in the cladode. On the contrary, for K, Ca, Mg, and
B, alow relationship between these variables signified less
dependence on the DRIS indexes of these nutrients with
regards to their content in the cladode. In this case, there
was a greater dependence on the concentrations of other
nutrients in the formation of the DRIS index (Guindani;
Anghinoni; Nachtigall, 2009).

In accordance with the research findings by Serra
et al. (2012), micronutrients revealed a higher coefficient
of determination (R?) than macronutrients, except for B, in
the DRIS method. The relationships between the BIK and
the concentration of nutrients documented an R?of 1.00,
highlighting the smallest possible error without interfering
with the significance of the mathematical model (p <0.01).

The reference values of nutrients for the ‘Gigante’
cactus pear were derived on the basis of the relationship
between the DRIS indexes, BIK, and the nutrient content in
the cladodes of the high-yield population. These reference
values were associated with the dry matter yields of 22.6
to 30.5 Mg ha™! cycle™, in the DRIS method, and 20.7 to
32.3 Mg ha™! cycle™, in the BIK (Table 3).

For all classes and nutrients, the reference values
obtained by the BIK method were broader than those
obtained by the DRIS method. As reported by Serra et al.
(2010), the amplitude of the reference values estimated
by the DRIS method was also lower than other values
documented in the literature. The wider the range, the
greater is the propensity to get the nutrient content in the
cladode of a sample within this range. On the other hand,
this possibility decreases for a narrower range, enhancing
the accuracy of the result (Guimarées et al., 2015). Dias
et al. (2013) claimed that the estimated reference values
would be lower in proportional to the standard deviation
between the average nutritional levels of the high-yield
population. In this sense, DRIS facilitates an increased
advantage of identifying plots under nutritional imbalance
as compared to BIK. The BIK method is thus less sensitive
for the estimation of nutrients whose standards have a
CV greater than 30%, mainly for detecting deficiency
situations because the intervals originally proposed by
Kenworthy (1961) assume an average 20% variability
for each nutrient. In these cases, therefore, odd or even
negative values have to be presumed as the reference
values for the nutrient contents to be considered deficient,
as occurred for Fe, Mn, and Na.
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Table 1: Average, standard deviation (SD), and coefficient of variation (CV) for the concentration of nutrients
and optimum content computed by the equations of the relationship between the DRIS index and the nutrient
content in the cladode and by the BIK method in ‘Gigante’ cactus pear grown with an organic fertilizer in semiarid
conditions in Bahia, for the high-yield population.

Optimal content

Nutrient Mean SD CV(%)
DRIS BIK

N (g kg™") 15.62 2.86 18.33 15.62 15.62
P(gkg™ 1.46 0.67 45.71 1.46 1.46
K(gkg™ 37.89 7.84 20.69 37.95 37.89
S(gkg™ 1.57 0.50 32.04 1.57 1.57
Ca(gkg™") 28.03 4.83 17.22 27.99 28.03
Mg (g kg™") 11.88 3.01 25.30 11.88 11.88
B (mg kg™) 27.50 5.18 18.84 27.47 27.50
Cu (mg kg™ 2.89 1.41 48.96 2.89 2.89
Fe (mg kg™) 93.89 54.51 58.06 94.16 93.89
Mn (mg kg™") 383.82 309.80 80.71 388.88 383.82
Zn (mg kg™) 46.18 19.46 42.14 46.21 46.18
Na (mg kg™") 43.01 21.95 51.04 42.96 43.01

Source: Prepared by the authors.

Table 2: Statistical models adopted to adjust the nutrient content in the ‘Gigante’ cactus pear cladodes and the
DRIS indexes and BIK, in high-yield plots.

) DRIS BIK
Nutrient
Equation R? Equation R?
N N =15.6188 + 2.7140%*| 0.54 N =-3.5045 + 0.1912%*| 1.00
P P =1.4625 + 0.8770%*|, 0.77 P =-1.2314 + 0.0269**|, 1.00
K K'=37.8906 + 6.7164*|, 0.14 K'=-9.8864 + 0.4778**| 1.00
S S=1.5719 + 0.7584**| 0.58 $=-0.7412 + 0.0231%**|, 1.00
Ca Ca=28.0281 + 2.1953"|_, 0.04 Ca=-5.8314 + 0.3386%*| 1.00
Mg Mg = 11.8844 +2.8634**|,, 0.43 Mg =-4.0253 + 0.1591**|, 1.00
B B = 27.4959 + 2.9605™I, 0.12 B =-6.3834 + 0.3388**|, 1.00
Cu Cu =2.8878 + 1.7937**| 0.82 Cu =-2.7699 + 0.0566**| __ 1.00
Fe Fe = 93.8897 + 57.3785%*| 0.77 Fe =-129.9822 + 2.2387**|__ 1.00
Mn Mn =383.8209 + 315.1045**| 0.83 Mn = -1606.2740 + 19.9009**I,, 1.00
Zn Zn = 46.1844 + 28.9165**| 0.77 Zn =-33.6348 + 0.7982**| 1.00
Na Na=43.0141+22.8917**| 0.78 Na =-44.8333 + 0.8785**| _ 1.00

** Significant at 1% by the t-test; * Significant at 5% by the t-test; "™ non-significant.
Source: Prepared by the authors.

The reference values obtained in this study for P and S, the lower and upper limits of the classes,
deviated from those proposed by Alves et al. (2019a, determined by the two methods, were close and in line
b) by the Sufficiency Range technique. In general, with those proposed by these authors. A greater supply
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of these nutrients by organic matter, even with high CV,
P (45.71%) and S (32.04%), justifies this coincidence.
Donato et al. (2016), in soil with 16.3 mg dm= of P found
contents of 1.3 g kg™, 1.7 gkg™, 2.0 gkg',and 2.5 g
kg™ with the application of 0, 30, 60, and 90 Mg ha™!
of manure, respectively. An increase in the remaining
phosphorus from 41.8 to 45.0 mg dm™ was also evident
with 0 and 90 Mg ha! of bovine manure. This greater
availability of P in the soil escalates the P content

TEIXEIRA, M. B. et al.

in the tissues of the cladodes beyond the sufficiency
range, which can characterize luxury consumption.
Simultaneously, P is a low export macronutrient in the
dry matter by the cactus pear, 2.1 kg Mg (Donato et al.,
2017b) and of low response to application (Dubeux Jr.,
2010). Except for P and S, the limits of the deficient, low
class and the lower limit of the normal class obtained by
the BIK method were lower than those reported by Alves
et al. (2019a, b).

Table 3: Reference values determined by DRIS and BIK methods in ‘Gigante’ cactus pear crop cultivated with

organic fertilization in semiarid conditions of Bahia.

Reference Values

Nutrient Method  Deficient! Low! Normal High Excessive
gkg™

DRIS <14.6 146 - 151 15.1 - 16.1 16.1 - 16.7 >16.7

N BIK <6.1 6.1 - 124 124 - 189 189 - 25.2 >25.2

p DRIS <0.6 0.6 - 1.0 1.0 - 1.9 1.9 - 24 224

BIK <0.1 0.1 - 1.0 1.0 - 1.9 1.9 - 2.8 >2.8

DRIS <373 373 - 376 376 - 382 382 - 3847 >38.5

< BIK <14.0 140 - 2938 298 - 46.0 46.0 - 61.8 >61.8

DRIS <0.9 09 - 1.2 1.2 - 1.9 1.9 - 2.2 222

> BIK <04 04 - 1.2 1.2 - 2.0 20 - 2.7 227

DRIS <27.4 274 - 277 27.7 - 283 283 - 28.6 >28.6

Ca BIK <11.1 1.1 - 223 223 - 338 33.8 - 45.00 >45.0

DRIS <11.0 1.0 - 114 1.4 - 123 123 - 12.8 >12.8

Me BIK <3.9 39 - 9.2 9.2 - 146 146 - 19.8 >19.8
mg kg™

DRIS <26.7 267 - 2741 271 - 279 279 - 28.3 >28.3

8 BIK <10.6 106 - 217 217 - 333 333 - 44.4 >44.4

DRIS <1.9 19 - 24 24 - 34 34 - 3.8 >3.8

cu BIK <01 0.1 - 1.9 1.9 - 3.8 38 - 5.7 >57

DRIS <92.8 928 - 933 933 - 944 94.4 - 95.0 >95.0

Fe BIK <0.0 0.0 - 5538 558 - 1319 1319 - 2058 >205.8

Mn DRIS <382.6 382.6 - 3832 3832 - 3844 3844 - 3850 >385.0

BIK <0.0 0.0 - 455 455 - 7221 7221 - 13789 213789

DRIS <454 454 - 458 458 - 46.6 46.6 - 47.0 >47.0

zn BIK <6.3 6.3 - 326 326 - 598 59.8 - 86.1 > 86.1

Na DRIS <419 419 - 424 424 - 436 436 - 441 >44.1

BIK <0.0 0.0 - 281 281 - 579 579 - 86.9 >86.9

" Negative values have been replaced by zero.
Source: Prepared by the authors.
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The sufficiency range proposed by Blanco-Macias
etal. (2010) for N (8.4 —20.3 g kg!) was wider than those
derived by the DRIS method and narrower in relation to
BIK. For P, the value obtained at the upper limit of the
upper class, by the DRIS method, was in accordance with
the lower limit of the range proposed by these authors,
2.4 — 4.2 g kg''. Blanco-Macias et al. (2010) used soil
with twice the organic matter and K, two and a half times,
11 and five times more P, Ca, and Mg, respectively. This
rationalizes the higher class limits compared to those noted
in this work for these nutrients. Alves et al. (2019a) justified
the role of edaphoclimatic conditions responsible for these
differences. However, the differences were also contributed
by the methods adopted to determine the reference values.

The values obtained in this work were compared
with the values of Mathematical Chances (ChM) established
by Alves etal. (2019a, b). The largest ChM for N was found
to comprise values between the normal and excessive range,
by the DRIS method, and normal and high, by the BIK. The
lower limit of ChM, for P (0.46 g kg™'), was lower than the
lower limits established for both methods. The ChM scans
recorded for K, Ca, and Mg were wider in respect to the
values established by the DRIS method and would all be
located in the normal class, determined by the BIK, except
for the lower limit determined for Mg by ChM, which
coincided with the low-class range. The narrower range
for S was observed by ChM in relation to the two methods.

Regarding micronutrients, the lower limit of the
ChM established for B, Cu, Fe, Mn, Zn, and Na was
lower than the limit of the deficient class of the respective
nutrient, determined by the DRIS method. The sufficiency
range of Alves etal. (2019a, b) included the values of ChM
for B. The upper limit was in the deficient class for Fe and
Mn; in the normal class for Cu and Na; in the high class for
B; whereas in the excessive class for Zn. The lower limits
of ChM when compared with the reference values found
by the BIK method, all micronutrients, except Mn, were
in the low class. The upper limits, for all micronutrients,
were in the normal class.

The critical levels of nutrients in the cladodes were
determined by Alves et al. (2019a, b) using the Critical
Level method by the reduced normal distribution (NCRIz).
NCRIz were below the limit of the deficient class,
estimated by the DRIS method, except P and S, which
were in the low class. According to BIK, the NCRIz for
P, S, Cu, Zn, and Na would be classified as low, the others
in the normal class. However, the authors exploited the
average dry matter productivity + 0.5 standard deviations
to separate the high and low-yield plots, a criterion
different from this study. Diverse procedures can define

the reference population and result in different norms, with
varied efficacies (Serra et al., 2013).

The above findings thus suggested that the
reference values, determined by the DRIS method,
are more suitable for assessing the nutritional status
of macronutrients because they have less amplitude in
relation to the reference values estimated by the BIK and
the Sufficiency Range proposed by Alves et al. (2019a, b).
Furthermore, the lower and upper limits of the classes for
P and S proposed by Alves et al. (2019a, b) were found to
be similar to those documented by the two methods. For
these macronutrients, NCRIz was included in the reference
values determined by the DRIS. The NCRIz for N was
also noted to be close to the lower limit of the deficient
class, determined by the DRIS. Nachtigall and Dechen
(2007) mentioned that, though similarity in performance
to the sufficiency range criterion, the DRIS method
manifested the added advantage of presenting NBI values,
indicating the nutritional balance status of the plants and
the efficiency in the nutritional diagnosis of the crop.

Likewise, compared to BIK, DRIS is more suitable
for calculating the nutritional status of micronutrients.
However, owing to the complexity of their dynamics in
the soil-plant system, several factors affect the absorption
and extraction of micronutrients (Abreu; Lopes; Santos,
2007). Moreover, the diagnosis for Fe, Mn, and Na may
be compromised by the negative values for the limits of
the deficient and lower class of the low class, evaluated
by the BIK method. A correction factor was employed by
Alves et al. (2019a, b) to minimize the range amplitude
for nutrient cases with high variability, a very common
case for micronutrients in tissues, with CVs above 20%.

In a higher percentage, most of the nutrients
were observed to be in the appropriate class of diagnosis
(NL) (Table 4). The exception was Fe, which exhibited a
deficiency in 37.5% of cases when evaluated by the fertilizer
response class criterion. pH, imbalance in the relationship
with other micronutrients, such as Mn, Cu, and Mo, excess
of P, clay content, soil source rock, and redox potential affect
its availability in the soil. Interference in the ion-root contact
(Abreu; Lopes; Santos, 2007), in the consequent absorption,
and its content in tissues of the cactus pear cladodes can
be contributed by these factors. Although data from the
population of high-yield was used for the determination of
the DRIS indexes and BIK, it verified that for all nutrients,
there is a limitation due to lack and excess. Beaufils (1973)
stated a greater effect of the deficiency of a nutrient on
productivity than the excess. In this sense, there would be
potential for response to fertilization in the plots where
nutrients were considered as limited due to lack.
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Table 4: Frequency of classes of response to fertilization (%) and relative frequency (%) for nutrients N, P, K, S, Ca,
Mg, B, Cu, Fe, Mn, Zn, and Na in samples of cladodes of ‘Gigante’ cactus pear cultivated with organic fertilization

in semiarid conditions, in the high-yield population.

Classes of response to fertilization

Relative Frequency

Nutrient
LF NL LE LF NL LE
N 34.38 37.50 28.13 9.38 75.00 15.63
P 9.38 75.00 15.63 34.38 46.88 18.75
K 12.50 68.75 18.75 12.50 71.88 15.63
S 15.63 65.63 18.75 25.00 56.25 18.75
Ca 12.50 75.00 12.50 15.63 75.00 9.38
Mg 21.88 56.25 21.88 9.38 75.00 15.63
B 18.75 62.50 18.75 15.63 68.75 15.63
Cu 28.13 43.75 28.13 28.13 46.88 25.00
Fe 37.50 34.38 28.13 21.00 65.63 12.50
Mn 34.38 34.38 31.25 0.00 81.25 18.75
Zn 6.25 75.00 18.75 25.00 53.13 21.88
Na 21.88 40.63 37.50 28.13 53.13 18.75

LF: limiting due to lack; NL: non-limiting; LE: limiting by excess, according to Silva et al. (2005). Source: Prepared by the authors.

Regarding the classes of response to fertilization,
limitations were not observed in the case of P, Ca,
and Zn in 75% of the experimental plots. The relative
frequency obtained through BIK revealed that the
nutrients Mn (81.25%) and N, Ca, and Mg, with 75%
each, did not limit productivity. Thus according to both
these methods, Ca was one of the nutrients that did
not present a limitation to productivity. Donato et al.
(2014a) claimed a positive effect of the doses of bovine
manure on the phosphorus content in the tissues of the
cladodes, regardless of the spacing. Greater availability
and mobility of P in the soil were facilitated by organic
fertilization as compared to chemical fertilizers.
Although regardless of the source used, the absorption
of P by the plant was favored by the higher doses of the
fertilizers (Ledo et al., 2021). In this work, the extraction
of P was 1.4 kg Mg!. Insufficiency of Ca supply by
organic fertilization resulted in maintenance of cactus
pear yield by soil buffer capacity. One of the most
exported elements by cactus pear is Ca, based on the
production cycle and the source used (Ledo et al., 2021).

Similarly, the most limiting elements included Fe
(37.50%), N (34.38%), and Mn (34.38%), owing to the
lack of response to fertilization. The relative frequency
revealed P deficiency (34.38%) was the most limiting,
followed by Cu and Na, whose frequencies were 28.13%.
Iron extraction/export was independent of spacing and

Ciéncia e Agrotecnologia, 45:e010721, 2021

organic fertilization. On the other hand, the concentration
and availability in the soil influenced the extraction of N
(Silva et al., 2016), which in this work was 15.7 kg Mg™'.
Donato et al. (2017a) observed that N extraction/export
values ranged from 8.8 to 17.6 kg Mg! in dry matter, in
response to escalating doses of bovine manure applied to
the soil from 0 to 90 Mg ha™! year™'. The fertilization and
spacing factors also affected the extraction of Mn, which
was less in double rows (Silva et al., 2016).

The high-yield population was formed, in 81.25%,
by plots receiving the highest doses of bovine manure, 60
and 90 Mg ha! year!. An increase in pH is witnessed with
the addition of bovine manure to acidic soils because of the
consumption of H" of the soil solution by organic acids,
decreasing the availability of Mn. Donato et al. (2016)
justified the lower levels of Mn in the ‘Gigante’ cactus pear
cladodes by increasing the pH from 5.4 (before planting)
to 6.0, 6.1, and 6.2 with the supplementation of 30, 60,
and 90 Mg ha! year! of manure, respectively.

The nutrients mostly recognized as limiting by
excess were Na (37.50%) and Mn (31.25%), according
to the class of response to fertilization, and Cu (25.00%)
and Zn (21.88%) by the relative frequency. Although not
essential for all species, Broadley et al. (2012) stated that
for plants with crassulacean acid metabolism (CAM), for
example, the species of Opuntia, Na is a micronutrient as
itis essential for the regeneration of phosphoenolpyruvate,



Reference values for nutritional diagnosis of ‘Gigante’ cactus pear by DRIS and BIK methods 9

a substrate of the first carboxylation in this pathway, and
its deficiency induces chlorosis and necrosis, as well as
failure in the formation of flowers.

Divergence has been reported between the
methods, in the nutritional diagnosis, with variations in
the hierarchical order of the limitation, due to lack or
excess, and of the nutrients not limiting the productivity.
This is attributed to the diverse assumptions of the
methods; the DRIS method evaluates equilibrium, while
the BIK method estimates nutritional balance better. In
this case, the variation in the doses of bovine manure
resulted for all nutrients in different classes of response
to fertilization and relative frequency of nutrient content
in the cladodes.

It is noteworthy that the percentage deviation
of the concentration of a given nutrient from the norm
estimates the degree of balance, taking into account the
coefficients of variation observed for each nutrient in the
population from which the norms were obtained. However,
the bivariate ratios between nutrients evaluate the degree
of equilibrium, considering the largest ratio among the
variances of high-yield and low-yield populations. The
plant may present an adequate amount of the nutrient
with the simultaneous absence of nutritional equilibrium.
Henceforth, to avoid such false diagnoses, the nutritional
assessment must consider the degrees of balance and
equilibrium between the nutrients.

Although Souza et al. (2013) claimed a significant
relationship between NBIa and productivity, indicating
that production was associated with nutritional status, it
is possible to find crops with low yield, despite having
adequate NBI. This fact may suggest that the limitation
in productivity may not be nutritional and assume
values greater than nutritional limitation (Rodrigues
Filho; Neves; Donato, 2021). The present study failed
to portray such a relationship between NBI, NBIa, and
productivity, corroborating Santos and Rozane (2017)
in their work with atemoya. The size of the cladodes,
influencing productivity, was determined by genotypic
factors and, to a lesser extent, by environmental
and management factors such as the disposition of
planting and soil fertility (Nobel, 2001). According to
Donato et al. (2014a) and Matos et al. (2020), the use
of radiation and the nutritional status of the plant can
be improved by alteration in crop management, such
as a combination of spacing and fertilizer doses, with
a subsequent enhancement in photosynthetic rates,
growth, productivity, and nutritional composition of
the different genotypes.

CONCLUSIONS

Variation in the reference values drafted by
the DRIS and BIK methods from each other and the
literature was noted for all nutrients. No association
was observed between the productivity of the ‘Gigante’
cactus pear with the nutritional balance index,
determined by the DRIS method. The present study thus
highlighted the efficacy of the DRIS and BIK methods
in identifying the limiting nutrients for ‘Gigante’ cactus
pear, with differences in the hierarchical order of the
limitation, due to lack or excess, and the non-limiting
nutrients to productivity.
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