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ABSTRACT
In this study, the aim was to develop the compositional nutrient diagnosis (CND) norms for
Opuntia ficus indica variety 'Rojo Pelón’ fruiting. Statistical analyses involved a dataset of
fruit yield and macro-nutrient concentrations of 228 1-year old cladodes from healthy plants.
A cutoff yield (1,166.67 g cladode-1) between the low- and high-yield subpopulations was
determined after examining six cumulative variance ratio functions related to yield per 1year old cladode. Means and standard deviations of row-centered log-ratios V X* of five
nutrients (N, P, K, Ca, and Mg) and a filling value Rd, which includes all nutrients not
chemically analyzed. Estimated preliminary CND norms (mean ± standard deviation of the
row-centered log-ratios) are: VN* = −1.114 ± 0.219, VP* = −2.194 ±0.076, VK* = 0.163 ± 0.259,
*
*
*
VMg
= −0.708 ± 0.157, VCa
= 0.401 ± 0.100, and VRd
= 3.452 ± 0.095. These CND standards

are associated with the following 1-year old fruiting cladode mean concentrations:
N=0.958%, P=0.318%, K=3.507%, Ca=4.228%, and Mg=1.448%. Then, the order of macronutrient requirements is as follows: Ca>K>Mg>N>P.
Keywords: Macro-nutrients; Fruit yield per cladode; Nitrogen; Phosphorus; Potassium;
Calcium; Magnesium.
INTRODUCTION
Nutrient status in plants may be identified through tissue analysis. Chemical analysis of
tissue of reference allows identifying optimum nutrient concentrations or nutrient norms (or
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standards) linked to maximize crop yields. So, nutrient diagnosis taking into account
identified nutrient optimum concentrations as a reference may allow estimating nutrient
imbalances or disorders. Commonly, nutrient disorders are not observable, e.g. hidden
hunger or toxicity (Barker and Pilbeam, 2015). The observable symptoms of nutrient
imbalance often appear when significant and irreversible damage has been generated;
these damages may cause scarce growth and low crop yield. Therefore, the opportune
determination of nutrient status through correct diagnosis under the basis of nutrient norms
could result in practical recommendations that increase yields and improve fruit quality
(Habib, 2000; Mostashari et al., 2018).
There are widely known nutrient norms developed locally that may allow for correct field
diagnoses useful to improve plant nutrient status through agricultural practices such a foliar
or soil fertilization (Blanco-Macías et al., 2010). Some researchers have shown the precision
in diagnosing imbalances when using locally developed norms (Bendaly Labaied et al.,
2018). Nutrient norms can be developed according to various techniques. The most known
techniques are the Critical Value Approach (CVA) (Bates, 1971), the Diagnosis and
Recommendation Integrated System (DRIS) (Walworth and Sumner, 1987), and the
Compositional Nutrient Diagnosis (CND) (Parent and Dafir 1992; Blanco-Macías et al.,
2006; García-Hernández et al., 2006).
The CVA method does not consider interactions between or among mineral nutrients; these
interactions may be important issues for plant nutrient balance. On the other hand, the DRIS
and CND approaches involve nutrient interactions (Bhaduri and Pal, 2013). Various authors
indicate that there are little differences between DRIS and CND for establishing nutrient
norms (Khiari et al., 2001b; Barłóg, 2016; Mostashari et al., 2018; Barros de Morais et al.,
2019; Bendaly Labaied et al., 2020). Nonetheless, other researchers endorse the CND
arguing that it is more efficient to determine the nutritional status of crops because of its
sound mathematical and statistical bases (Kumar et al., 2003; Blanco-Macías, 2009; René
et al., 2013; Valdez-Cepeda et al., 2013; Barros de Morais et al., 2019).
Up to now, CND norms for nutrient status diagnosis have been developed for various crops
such as Carya illinoinensis (Wangenh.) K. Koch (García-Hernández et al., 2009), Aloe vera
L. (García-Hernández et al., 2006), Coffea arabica L. and Coffea canephora Pierre ex A.
Froehner (Wairegi and Van Asten, 2012), Phoenix dactylifera L. (Bendaly Labaied et al.,
2020), Vitis vinifera L. (Mostashari et al., 2018), Eucalyptus grandis W. Hill ex Maid. (Costa
da Silva et al., 2004; Barros de Morais et al., 2019), Zea mays L. (Khiari et al., 2001a;
Magallanes-Quintanar et al., 2006), Musa spp. AAA (Wairegi and Van Asten, 2011), and
Opuntia ficus-indica L. Miller (Magallanes-Quintanar et al., 2004; Blanco-Macías et al. 2006;
Valdez-Cepeda et al., 2013), among others. Recently, the Boundary-Line Approach (B-LA)
was used by Hernández-Vidal et al. (2021) to estimate macro-nutrient standards for O. ficusindica (L.) Miller variety ‘Rojo Pelón’ fruiting; the estimated optimum concentrations were
N=1.02%, P=0.304%, K=3.518%, Ca=3.665%, and Mg=1.383% as linked to maximum fruit
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yield that varies between1901.13 and 1984.41 g cladode-1. However, the B-LA does not
consider interactions between mineral nutrients like the CNA does.
In the case of O. ficus-indica, the CND norms have been determined for dry and fresh matter
production (Magallanes-Quintanar et al., 2004; Blanco-Macías et al., 2006; Valdez-Cepeda
et al., 2013). In fact, the species O. ficus-indica is an important crop around the world (LópezGarcía et al., 2016). It is widely used for vegetable production in Mexico and fruit production
in at least 25 countries around the world (Valdez-Cepeda et al., 2013). Hitherto, Opuntia
ficus-indica L.variety ‘Rojo Pelón’ is being used for fruit production in Mexico’s NorthernCentral Region. Despite its social and economic importance, there is little information about
the nutrient requirements of this variety; this means that its CND norms remain unknown
yet. Therefore, this work aimed to develop CND norms for O. ficus-indica variety ‘Rojo Pelón’
for fruit production.
MATERIALS AND METHODS
Study site
This research was carried out in the experimental field of the ‘Centro Regional Universitario
Centro Norte’ of the ‘Universidad Autónoma Chapingo’. It is located at 22° 44’ 49.6’’ North
latitude, 102° 46’ 28.2’’ West longitude, and 2 296 masl, near the Zacatecas City, Mexico.
The regional climate is classified as BS1kw (w), with an average annual temperature that
varies between 12°C and 18°C, and an average annual rainfall of 472 mm. Most of the
precipitation (65%) occurs from June to August.
An orchard was established in 2006, using 20 mother cladodes. The plant density was 625
plants ha-1. Then, 20 trees with a natural vessel-shaped structure were growing. The
management of the orchard consisted of removing weeds each year at the end of spring
and summer through minimum tillage. Fertilization, irrigation, and other agronomic practices
were not performed.
Experimental data
To develop CND norms, a data set of nutrient concentrations and fruit yield per 1-year old
cladodes was used. A sample of two hundred twenty-eight fruiting cladodes of O. ficusindica variety ‘Rojo Pelón’ and a total of 1744 fruits were considered in this research. All
cladodes were selected from the uppermost part of the trees to ensure they were 1-year old.
Fruiting cladodes and their fruits were taken for four consecutive years (2012-2015).
Sampling involved the selection of cladodes having from 1 to 15 fruits, and four cladodes
having each of these numbers of fruits were selected when possible. Sampled cladodes with
each number of fruits were taken from sections of the plant oriented to North, South, East,
and West when most of the fruits showed peel color breakage.
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Weights of each cladode and their fruits were registered. Besides, all 228 detached fruiting
cladodes were cleaned with distilled water and immediately weighted. Afterward, the
detached cladodes were cut into slices and dehydrated to constant weight in an oven at
75°C for 36 hours, and then their dry weights were registered.
Dry tissue of cladode samples was milled and then digested with a mix of acids. Afterward,
these samples were used to determination of nutrient concentrations. The N concentration
was determined by the Kjeldahl method, whereas that the P content was estimated by
reduction with the molybdo-vanadate technique using an optical photo spectrometer
(Thermo Spectronic, Helios Epsilon model, USA®). The K, Ca, and Mg concentrations were
determined with an atomic absorption spectrophotometer (UNICAM Solar model 9626).
Theory of the CND approach
The following description of the theory of the CND approach was modified from Khiari et al.
(2001). Plant tissue composition forms a d-dimensional nutrient arrangement, i.e., simplex
(Sd) made of d+1 nutrient proportions including d nutrients and a filling value defined as
(Parent and Dafir, 1992):

S d   N , P, K ,..., Rd  : N  0, P  0, K  0,..., Rd  0, N  P  K  ...  Rd  100  ,

(1)

where 100 is the dry matter concentration (%); N, P, K, … are nutrient proportions
computed as:

Rd  100  ( N  P  K  ...) .

(2)

The nutrient proportions become scale invariant after they are divided by the geometric
mean (G) of the d + 1 components, including Rd (Aitchinson, 1986), as follows:

G  N  P  K  ...  Rd 

1
d1

.

(3)

Row-centered log ratios are computed as:

R 
N
P
K
VN  ln   , VP  ln   , VK  ln   , ... , VRd  ln  d  , and
G
G
G
G
V N  V P  V K  ...  VRd  0 ,

(4)
(5)

where VX is the CND row-centered log-ratio expression for nutrient X. The sum of tissue
components is 100%, as in Equation 1, and the sum of their row-centered log ratios,
including the filling value must be zero, as in Equation 5.
Thereafter, the database is partitioned between two subpopulations using the Cate-Nelson
procedure, once the observations have been ranked in a decreasing yield order (Khiari et
al., 2001ab). In the first partition, the two highest yield values form one group (group A) and
the remainder of yield values forms another group (group B); thereafter, the three highest
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yield values form the group A. This process is repeated until the two lowest yield values form
group B, and the remainder of yield values forms the group A. At each iteration, group A
comprises n1 observations, and group B comprises n2 observations for a total of n
observations (n = n1 + n2) in the whole database. For the two subpopulations obtained during
each iteration, one must compute the variance of the CND VX values. Then the variance
ratio for component X can be estimated as:

f i (V x ) 

Variance of V x n1 observations
Variance of V x n2 observations

,

(6)

where f i ( V x ) is the variance ratio function between two subpopulations for nutrient X at
the ith iteration (i  ni  1) and the VX is the CND row-centered log-ratio expression for nutrient
X. The first variance ratio function computed for the two highest yields is put on the same
line as the highest yield, and so on, thus leaving three empty bottom lines.
The cumulative variance ratio function is the sum of variance ratios at the ith iteration from
the top. The cumulated variance ratios for a given iteration are computed as a proportion of
the total sum of variance ratios across all iterations to compare the discrimination power of
the VX between low- and high-yield subpopulations on a common scale. The cumulative
variance ratio function Fi C (V X ) can then be computed as:

 n 1 f (V
 i x
Fi C (V X )   ni 13
  f i (V x
 i 1

) 
  [100] ,
)


(7)

where n–1 is the partition number and n is the total number of observations (n1 + n2). The
denominator is the sum of variance ratios across all iterations and is a constant for nutrient
X. The cumulative function FiC (VX ) related to yield (Y) shows a cubic pattern:

Fi C (V X )  aY 3  bY 2  cY  d .

(8)

The inflection point is the point where the model shows a change in concavity. It is
obtained by the second derivation of Equation 8:

 Fi C (V X )
 3 aY 2  2 bY  C
Y
2
 Fi C (V X )
 6 aY  2 b .
Y 2

(9)
(10)
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The inflection point is then obtained by equating the second derivative Equation 10 to zero.
Therefore, the solution for the yield cutoff value is –b/3a. The highest yield cutoff value
across nutrient expressions can be selected to determine what minimum yield target for a
high-yield subpopulation will be classified as high yield, whatever the nutrition expression.
CND norms are computed using means and standard deviations corresponding to the rowcentered log-ratios VX of d nutrients for high-yield specimens, that is, VN* , V P* , VK* , …, V R* ,
and SDN* , SDP* , SDK* , …, SDR* , respectively.
Once CND norms have been developed, an independent database can validate them.
Validation of CND norms has been reported by Parent and Dafir (1992), Parent et al. (1994),
and Khiari et al. (2001ab). CND norms can also be used for diagnostic purposes:

IN
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VRd  VR*d
 V N*
VP  VP*
VK  VK*
,
,I P 
,I K 
, ... , I Rd 
SD*N
SD*P
SD*K
SD*Rd

N

(11)

where I N , …, I Rd are the CND indices.
Independence among compositional data is ascertained by row-centered log-ratio
transformation (Aitchison, 1986). CND indices, as defined by Equation 11, are standardized
and linearized variables as dimensions of a circle (d + 1 = 2), a sphere (d + 1 = 3), or a
hypersphere (d + 1 > 3) in a d +1 dimensional space. The CND nutrient imbalance index of
a diagnosed specimen is its CND r2 and is computed by:

r 2  I N2  I P2  I K2  ...  I R2d .

(12)

Its radius, r, computed from the CND nutrient indices, thus characterizes each specimen.
The sum of d + 1 squared independent, unit-normal variables produces a new variable
having a chi-square distribution with d + 1 degrees of freedom (Ross, 1987). Because CND
indices are independent, unit-normal variables, the CND r2 values must have a chi-square
distribution function. This is why it is recommended that the highest yield cutoff value
(highest discrimination power) among d + 1 nutrient computations be retained to calculate
the proportion of the low-yield subpopulation below yield cutoff used as a critical value for
the chi-square cumulative distribution function. As defined by Eqs. [11] and [12], the closer
to zero that CND indices and thus the CND r2 or chi-square values are, the higher the
probability to obtain a high yield. Theoretically, at the critical chi-square value of zero where
the ideal nutrient balance is reached, 100% of the population would be expected to produce
low target yields when a high critical chi-square value is set.
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RESULTS AND DISCUSSION
Descriptive statistics
In this research work, fruit yield per cladode and macro-nutrient concentrations in 1-year old
cladodes of O. ficus-indica variety ‘Rojo Pelón’ was studied to define its CND standards.
Basic statistic estimators of fruit yield per cladode and macro-nutrient concentrations in 1year old fruiting cladodes can be appreciated in Table 1.
Table 1. Basic statistics of Opuntia ficus-indica L. Miller variety ‘Rojo Pelón’ fruit yield per
cladode and N, P, K, Ca, and Mg concentrations in 1-year old fruiting cladodes (n
= 228).
Yield
N
P
K
Ca
Mg
Statistic
-1
(g cladode )
(%)
(%)
(%)
(%)
(%)
Mean
795.16
1.167
0.286
3.206
3.845
1.365
Standard Deviation
469.79
0.358
0.055
1.169
0.947
0.285
Coefficient of Variation
(%)
59.08
30.690 19.380 36.480 24.620
20.880
Minimum
60.00
0.600
0.156
1.312
1.300
0.594
Maximum
2186.00
2.170
0.420
6.536
6.350
2.150
The estimated fruiting cladode mean nutrient concentrations are N = 1.167%, P = 0.286%,
K = 3.206%, Ca = 3.845%, and Mg = 1.365%, whereas the mean fruit yield per cladode is
795.16 g. Besides, results suggest that fruit yield per cladode show high variability
(CV=59.08%), P, Mg, and Ca concentrations have moderate variability (CV=19.38%,
CV=20.88%, and CV=24.62%, respectively), and K and N show high variability (CV=36.48%
and CV=30.69%, respectively). Variability is an important issue to get the planned objective,
that is, our database (n=228) can be used to identify the CND standards for O. ficus-indica
variety ‘Rojo Pelón’ fruiting.
The compositional nutrient diagnosis norms for simplex S5
The S5, i.e., six-dimensional (d + 1) O. ficus-indica variety ‘Rojo Pelón) simplex comprised
the five nutrients N, P, K, Ca, and Mg and the filling value R. The R values were estimated
using Eq. [1]. Nutrient concentrations were transformed into CND row-centered log ratios
VN , V P , VK , VCa , and VRd through Eqs. [2 to 4]. Eq. [6] was used to estimate the FiC (VX )
values.
The descriptive statistics of the yield were as follows: mean = 795.16 g cladode-1, minimum
= 60 6 cladode-1, maximum = 2186 g cladode-1, and a standard deviation = 469.79 g cladode1
(Table 1). The cutoff yield between the low- and high-yield subpopulations was determined
after examining the six cumulative variance ratio functions [ FiC (VN ) , FiC (VP ) , FiC (VK ) ,
FiC (VCa ) , FiC (VMg ) and FiC (VR ) ] related to yield per 1-year old cladode (Table 2). All six
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relationships showed a cubic pattern with inflection points at –b/3a. Yield cutoff values were
200 g cladode-1 for FiC (VN ) , 1,166.67 g cladode-1 for FiC (VP ) , 333.33 g cladode-1 for FiC (VK ) ,
1,666.67 g cladode-1 for FiC (VCa ) , 23,333.33 g cladode-1 for FiC (VMg ) , and 33.33 g cladode-1
for FiC (VR ) . The theory of the CND approach recommends that the highest yield cutoff value
(highest discrimination power) among d + 1 nutrient computations be retained to calculate
the proportion of the low-yield subpopulation below yield cutoff used as the critical value for
the chi-square cumulative distribution function. Notably, the highest value (23,333.33 g
cladode-1) and the lowest value (33.33 g cladode-1) are out of the explored yield range, so
each was not considered a target yield. This flaw has been found previously by several
researchers (e.g. Khiari et al., 2001ab; Magallanes-Quintanar et al., 2004; GarcíaHernández et al., 2005, 2007; Magallanes Quintanar et al. 2006ab; Hernández-Caraballo et
al., 2008). To avoid such a flaw, Valdez-Cepeda et al. (2013) recommended using the
unrestricted Boltzmann equation instead of the traditional cubic function.
Table 2. Fruit yields of Opuntia ficus indica variety ‘Rojo Pelón’ at inflection points (–b/3a)
of cumulative variance functions [FiC(VX)] for row-centered log-ratios (n=225) in the
survey population (n=228).
Yield at –b/3a
Nutrient
Fic(Vx)= aY3+bY2+cY+d
R2
(g cladode-1)
N

Fic(VN) = –5E–09x3 + 3E-06x2 - 0.0236x + 100

0.99

200.00

P

0.99

1,166.67

K

Fic(VP) = 2E–08x3 - 7E–05x2 – 0.0019x + 100
Fic(VK)= –3E–09x3 + 3E–06x2 – 0.0078x +
100

0.98

333.33

Ca

Fic(VCa) = 6E–09x3 – 3E-05x2 – 0.0026x + 100

0.99

1,666.67

Mg

Fi (VMg)= 1E–10x – 7E-06x – 0.0118x + 100

0.98

23,333.33

R

Fic(VR)= –6E–09x3 + 6E-07x2 – 0.0206x + 100

0.99

33.33

c

3

2

As a consequence, 1,166.67 g cladode-1 was used to define the high-yield subpopulation.
This implies that 22.37% of the population (51 observations) is considered as the highyielding subpopulation, while the low-yield sub-population includes 77.63% of the population
(177 observations). This result agrees with those from other researchers, who found that a
high-yielding subpopulation represents a lower percentage of the whole population (e.g.
Parent et al., 1994; Magallanes-Quintanar et al., 2004; Blanco-Macías et al., 2006; GarcíaHernández et al., 2004, 2006; Blanco-Macías et al., 2009).
As a remarkable result, the preliminary CND norms as means and standard deviations ( V X*
and SD X* ) of the CND row-centered log-ratios for the high-yield (>1,166.67 g cladode-1)
subpopulation, as well as their corresponding nutrient optimum ranges (means and standard
deviations) in 1-year old fruiting cladodes, are shown in Table 3. The estimated mean
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concentrations are N=0.958%, P=0.318%, K=3.507%, Mg=1.448%, and Ca=4.228%. As a
remarkable result, the order of nutrient requirements is as follows Ca> K> Mg> N> P. This
means that O. ficus-indica variety ‘Rojo Pelón’ plants tend to concentrate more Ca and K
than N in their 1-year old fruiting cladodes, confirming they are calcitrophic organisms
(Lüttge, 2004). This result also indicates that they may have a high nitrogen use efficiency
(Raven and Spicer, 1996).
Table 3. The preliminary compositional nutrient diagnosis (CND) norms ( V X* means and
their standard deviations) for d = 5 nutrients in a high-yield (>1,166.67 g cladode-1)
subpopulation of Opuntia ficus-indica (L.) Miller variety ‘Rojo Pelón’, and their
corresponding nutrient optimum ranges (mean nutrient concentrations and their
standard deviations) in 1-year old fruiting cladodes.
Standard
Row-Centered LogStandard
Mean
Nutrient
Mean (%) Deviation
Ratio
Deviation
(%)
V*N

-1.11463

0.21916

N

0.95823529 0.20446717

V*P

-2.19444

0.07689

P

0.31807843 0.03920808

V*K

0.16356

0.25908

K

3.50713725 0.93183052

*

V Mg

-0.70845

0.15711

Mg

1.44847059 0.28891351

V*Ca

0.40159

0.10077

Ca

4.2284902 0.62320226

V*R5

3.45238

0.09502

∑ VX

0.00000

*

The estimated mean nutrient concentrations (Table 3) differ slightly from those proposed by
Hernández-Vidal et al. (2021) as optimum concentrations for O. ficus-indica (L.) Miller
variety ‘Rojo Pelón’ fruiting through the B-LA. There can be noted that estimated N and K
mean concentrations linked to the CND standards are slightly lower than the optimum
concentrations estimated by Hernández-Vidal et al. (2021) (0.958% versus 1.02%, and
3.507% versus 3.518%, respectively). On the other hand, the calculated P, Mg, and Ca
mean concentrations associated with the CND standards are higher than the optimum
concentrations proposed by Hernández-Vidal et al. (2021), that is, 0.318% versus 0.304%,
1.448% versus 1.383, and 4.228% versus 3.665%, for P, Mg, and Ca, respectively. Those
differences may be due to we used a target fruit yield =1,166.67 g cladode-1 whereas that
Hernández-Vidal et al. (2021) linked their estimations to maximum fruit yield that varies
between1,901.13 and 1,984.41 g cladode-1. In other words, we used a target fruit yield lower
than those considered by Hernández-Vidal et al. (2021). Nonetheless, our results have the
advantage of involving multivariate nutrient ratios through the CND approach whereas those
from Hernández-Vidal et al. (2021) do not.
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The preliminary CND norms were used to estimate nutrient indices IN, IP, IK, ICa, IMg, and IRd
through Eq. [11]. Also, CND r2 values were computed using Eq. [12]. The CND r2 values
were distributed like chi-square values (R2 > 0.988; p < 0.001; Figure 2). Eighty-five percent
of the observations were below the yield cutoff of 1,166.67 g cladode-1, and the
corresponding chi-square value was 2.5. Then, this value must be considered when
validating the preliminary CND norms because the independent dataset ought to be
characterized by a similar value. By taking into account that more observations from highyielding cladodes or specimens must be added to the database, the chi-square value of 5.1
could change due to the high-yielding subpopulation may provide more weight for defining
yield cutoff than the low-yielding subpopulation according to the theory of the CND
approach.

Cumulative distribution function (%)

1.2
1
85%

0.8
0.6
0.4
0.2

2.5
0
0

10

20

30

40
CND r2

50

60

70

80

Figure 1. The chi-square cumulative distribution function with 6 degrees of freedom for
obtaining theoretical threshold compositional nutrient diagnosis (CND) r2 value (2.5)
in S5 for a yield cutoff at 85% of the low-yield subpopulation.
CONCLUSIONS
This is the first study to our knowledge carried out to estimate Compositional Nutrient
Diagnosis (CND) standards for Opuntia ficus-indica (L.) Miller variety ‘Rojo Pelón’ fruiting
taking into account a target yield of 1,166.67 g cladode-1 or higher. The proposed preliminary
CND norms (mean ± standard deviation of the row-centered log-ratios) are: VN* = −1.114 ±
*
*
0.219, VP* = −2.194 ±0.076, VK* = 0.163 ± 0.259, VMg = −0.708 ± 0.157, VCa
= 0.401 ± 0.100,
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*
and VRd
= 3.452 ± 0.095. These CND standards are associated with the following 1-year old

fruiting cladode mean concentrations: N=0.958%, P=0.318%, K=3.507%, Ca=4.228%, and
Mg=1.448%. Then, the order of macro-nutrient requirements is as follows: Ca>K>Mg>N>P.
Future works should be focused on validation of these macro-nutrient norms taking into
account a database involving more high-yielding cladodes or specimens to change the
estimated chi-square value of 5.1 and to provide more weight for defining a yield cutoff to
divide the population into high- and low- yield subpopulations. Also, this process could be
improved by increasing the population and estimating the target yield through the
unrestricted Boltzmann equation to describe the relationship between each cumulative
variance ratio function and the yield per fructification cladode.
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