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Abstract: The aim of this study was to compile DRIS (Diagnosis and Recommendation Integrated
System) norms and sufficiency ranges for pepper grown in greenhouses and the determination of the
variation in DRIS norms and sufficiency ranges during the different phenological stages of the crop.
The DRIS norms and sufficiency ranges were constituted by 367 leaf samples of Capsicum annuum L.
which were collected in different phenological stages of the crop (flowering (FL), fruiting (FT), fruit
development (FD), and harvesting (HV)). Two sufficiency ranges were developed; one including all
leaf samples and the other considering the leaf samples by phenological stages ((FL) (44), (FT) (96),
(FD) (100), and (HV) (127)). Furthermore, 10 DRIS norms and CV were calculated from N, P, K, Ca,
and Mg. Two ratios of them were calculated in FL (N/P and N/K), two in FD (N/P and Ca/N) and
one in HV (N/P) showing low CV, meaning, according to DRIS norms, the essential role of these
nutrients in the crop nutrition. Moreover, the sufficiency ranges computed by all database were:
N (34-56), P (1.9-4.3), K (30-51), Ca (12-33), and Mg (4.0-15) (mg g~ ! DW), respectively. The data
obtained in this experiment highlighted the importance of the sensitivity (low CV) of nutrient in the
phenological stages such as happened with N.

Keywords: Capsicum annuum; Diagnosis and Recommendation Integrated System; Mediterranean

climate; nutrient balance

1. Introduction

Currently, pepper is one of the most important crops together with tomato in green-
houses in Almeria. The statistical data noted that the total production in 2020 was of
845,727 t for 11,936 ha reporting an income of EUR 659 million. Moreover, compared to
2019, the production has increased by 7.7% highlighting the economic importance of this
crop in the Southeast of Spain [1]. The most common varieties of peppers grown in Almeria
are California, Lamuyo and Italian [2].

A higher yield is correlated with an adequate crop nutritional status and one of the
most common methods to determine this parameter is through tissue analysis [3]. Besides
the tissue analysis, another typical procedure to evaluate the nutritional status of one crop
is based on the establishment of sufficiency ranges and DRIS norms [4,5].

Nutrient sufficiency ranges are useful for diagnosing and correcting plant nutritional
status in order to optimize yield and protect the environment [6]. Nevertheless, the tissue
analysis used for the determination of nutrient sufficiency ranges are very sensitive to
the plant’s developmental stage, nutrient interactions, climate, and the part of the plant
selected [4,5,7]. Moreover, if crops are mature, these comparisons are very difficult mainly
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due to the dilution of the nutrients in plants tissues [8]. In this sense, a feasible solution
to establish the optimum foliar nutrient concentration ranges is the development of these
sufficiency ranges according to the different phenological stages of the crop [5]. This
methodology has also been reported in pepper crops by other researchers [9,10].

One solution to solve this problem is the determination of DRIS (Diagnosis and
Recommendation Integrated System) norms. Nevertheless, the DRIS norms can be also
sensitive to different factors such as tissues age, phenological stage, climate, soil conditions,
and the cultivar compared to the sufficiency range approach [11]. This low sensitivity can
be ascribed to the determination of nutrient ratios as reported by Beaulfils [12]. The DRIS
norms consist of the mean, variance and coefficient of variation of the dual ratio between
nutrients (N/P, P/N, N/K, K/N, etc.) obtained from a crop reference population that
shows a high yield population [12].

The database to compose the DRIS norms is formed by the crop yield and chemical
analysis of leaf tissue, and this information can be obtained from commercial crops or
experimental units. The method to select the form of the ratio for a pair of nutrients to be
used in DRIS calculation was described by Walworth and Sumner [13] and Nick [14]. DRIS
evaluation has already been used and determined on pepper by El-Rheem et al. [15] and
Sanchez et al. [11], but the information about the DRIS norms divided by phenological
stages is rather scarce. Therefore, considering the importance of the pepper crop in the
southeast of Spain, the aim of this study was to constitute DRIS norms and sufficiency
ranges for pepper grown in greenhouses and the verification of the variation in DRIS norms
and sufficiency ranges during the phenological stages.

2. Materials and Methods

The leaf tissue analysis of pepper was obtained from different experimental and
commercial polyethylene greenhouses from 1984 to 1998 in the Southeast of Spain (Almeria)
in which they were grown during the season of autumn-winter in sandy mulching soils.
This type of soil system is composed by sand mulching and artificial soil profile, which can
be classified as a cumulic Anthrosol (variable texture varying from clay to sandy loam, high
content of CaCOj3 and a basic pH) with an intermediate manure layer between both [4].
Sand mulching soil has been used by local growers to develop favorable conditions for the
maintenance of horticultural crop growth in semiarid conditions [3].

The climatic parameters recorded from 1984 to 1998 (from July to April) in the outside
of the greenhouse were acquired from the climatic weather station of the Institute of
Research and Training in Agriculture and Fishery (IFAPA), Junta of Andalusia, La Mojonera,
Almeria. During the experimental period, the maximum and minimum temperature were
32 and 13 °C, respectively. The maximum and minimum relative humidity (RH) over
the experimental period were 84% and 41% and the global radiation ranged from 9 to
20 MJ m~2. All pepper crops were grown following the common indications given by local
growers and researchers (planting density of 2 plants m~2 and fertigation with drippers
of 3Lh™).

Selection of references population. One of the most important factors to generate the DRIS
norms is the reference population. The yield range of the reference population was around
7.24-9.12 kg m~2, being in line with the data reported by Valera et al. [2] who reported that
anormal yield in pepper in this area is 6.94 kg m~2. The differences of the yield range of
the reference group were related to the pepper crop cycle. The reference group showed
a normal distribution as it has been reported by other researchers such as Walworth and
Sumner [13].

Database. The database was constituted by 367 leaf samples of Capsicum annuum L.
type California (cultivars Mazurca, California and Latino) and type Lamuyo (cultivars
Clovis, Drago and Heldor) with growth cycles from July to April which were collected in
different phenological stages of the crop flowering (FL) (August-September) (44), fruiting
(FT) (96) (September—October), fruit development (FD) (September—October) (100), and
harvesting (HV) (127) (from November to April). The nutrient solution supplied (mM) to
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grow the crop ranged from 8 to 17 for N, 0 to 4 for P, 6 to 11 for K, 1 to 3 for Ca. There were
no supplies of Mg in the nutrient solution due to the high concentration of this nutrient in
the water chemical composition of this area. Moreover, it is necessary to point out that the
level of organic matter in the soils ranged from 0.5 to 3%.

Each leaf sample was composed by mixing 3040 healthy and fully developed leaves
(one leaf per plant) randomly chosen in the greenhouse. After leaf sample collection, they
were washed, and the petioles were removed. Then, these samples were oven dried at 70 °C
until constant weight was attained. After this step, dried leaf samples were milled and sifted
through an 80 um mesh sieve [16]. Lastly, they were preserved in airtight polyvinyl chloride
(PVC) containers sealed with paraffin and stored in a dry place under darkness [17]. Each
sample was divided into two subsamples; one was mineralized by the dry way method
and used to determine total P concentration by the phosphovanadomolybdate method, and
total potassium (K), calcium (Ca), and magnesium (Mg) concentration were determined by
atomic absorption spectrometry [17]. The other subsample was used to directly determine
total N by the Kjeldahl digestion procedure [18].

Development of DRIS Norms. The determination of the “R value” proposed by Nick [14]
was used to select the ratio order of nutrients. This determination consisted in the calcu-
lation of the correlation coefficient (r) among the yield values recorded during the study
along with the relationships between the pairs of nutrients in harvesting, either in direct or
inverse order. The selection of the order of the relationship between pair of nutrients was
based in the highest value of the coefficient of correlation (r):

If: r A/B > r B/A then: relationship in the norm = A/B

If: r A/B <1 B/A then: relationship in the norm = B/A

where: |r A/BI is the absolute value of the correlation coefficient between productivity,
and A/B is the ratio among the concentrations of the nutrients A and B of the population;

It B/Al and B/A are the same as above for nutrients B and A in inverse order. In the
selection of the ratio order only the database of harvesting was used.

Sufficiency ranges. The optimum leaf range of each nutrient in pepper plants was
determined using the DRIS technique. In fact, DRIS norms use the average value of each
element obtained from the mineral composition of leaf tissues of the reference population
as a reference value, thus establishing the sufficiency average. The optimum ranges are the
values obtained from the average + 4/3 of standard deviation (SD) of the reference popula-
tion [19,20]. With the data obtained, two sufficiency ranges were developed: one including
all the database and the other was determined only according to the phenological stage.

Statistical analysis. The analysis of variance and the least significant difference tests
(p < 0.05) were used to assess the differences between phenological stages. All statistical
analyses were performed using Statgraphics Plus for Windows (version 5.1; Statpoint
Technologies, Warrenton, VA, USA).

3. Results

The means macronutrients ratios and the CV of the population, and the correlation
coefficients with the yield in harvesting are shown in the Table 1. Considering the following
characterization according to the value of CV (%): lower CV (15 to 30%), moderate CV (31
to 45%), high CV (46 to 60%) and very high CV (>60%), we can highlight that there was
one ratio with low CV (N/P), five ratios with a moderate CV (N/K, P/K, Ca/N, Ca/Mg,
Mg/N and Mg/P), one ratio with high CV (P/Ca), and two ratios with very high CV
(Ca/K and Mg/K). It is worth noting that the majority of the coefficients of correlation (r)
of the nutrients ratio showed a lower relationship with the yield (ranging from 0.24 to 0.38),
unless for the N/P and Ca/Mg correlation which showed a negative moderated values
(—0.44 and —0.27, respectively).
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Table 1. DRIS norms (mean, CV, and correlation coefficient) in pepper crop in harvesting.

Norms Mean CV (%) r
N/P 13.44 23.58 —0.44*
N/K 1.23 41.40 0.31*
P/K 0.09 41.48 0.33*
P/Ca 0.11 57.02 0.28 *
Ca/N 0.84 36.28 0.32*
Ca/K 1.10 68.22 0.24*

Ca/Mg 2.37 31.05 —-0.27 %

Mg/N 0.37 35.01 0.38 *
Mg/P 495 41.79 0.29 *

Mg/K 0.47 64.41 0.28*

* indicates significant differences at p < 0.05.

Comparing the different phonological stages of the pepper plant, there were significant
differences in all ratios except for N/K and P/K which remained constant along the
different phenological stages of the crop (Table 2). It is necessary to point out that the value
of CV in the different phenological stages ranged from 19.22 to 44.12% in flowering (FL),
31.57 to 50.62% in fruiting (FT), 24.85 to 55.26% in fruit development (FD), and 23.58 to
68.22% harvesting (HV). In the stage of flowering (FL), there were two ratios with low CV
(N/P and N/K), eight ratios with moderate CV (P/K, P/Ca, Ca/N, Ca/K, Ca/Mg, Mg/N,
Mg/P, and Mg/K). In the stage of fruiting (FT), there were seven ratios with a moderate
CV (N/P,N/K, P/K, Ca/N, Ca/K, Ca/Mg, and Mg/N) and three ratios with high CV
(P/Ca, Mg/P and Mg/K). In the stage of fruit development (FD), there were two low CV
(N/P and Ca/N), five ratios with moderate CV (N/K, P/Ca, Ca/K, Ca/Mg, and Mg/N)
and three ratios with high CV (P/K, Mg/P, and Mg/K). In the stage of harvesting (HV),
there was one ratio with low CV (N/P), six ratios with moderate CV (N/K, P/K, Ca/N,
Ca/Mg, Mg/N, and Mg/P) and two ratios with high CV (Ca/K and Mg/K).

Table 2. Diagnosis and recommendation integrated system norms in different phenological stages
of pepper crop. Means with different letters in the same row indicate significant differences be-
tween the different phenological stages. Flowering (FL), fruiting (FT), fruit development (FD), and
harvesting (HV).

FL FT FD HV

Norms Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)
N/P 17.78 a 26.44 15.29b 36.30 1820 a 30.34 1344 c 23.58
N/K 1.23a 19.22 121a 37.14 1.30 a 33.97 1.23a 41.40
P/K 0.07 a 33.51 0.09 a 40.34 0.08 a 53.74 0.09 a 41.48
P/Ca 0.27 a 44.12 0.29a 49.13 0.17b 38.76 0.11c¢ 57.02
Ca/N 0.26 ¢ 32.67 0.28 ¢ 34.59 0.37b 24.85 0.84a 36.28
Ca/K 0.32¢ 33.82 0.33 ¢ 42.31 0.47 b 36.30 1.10a 68.22
Ca/Mg 2.14a 38.16 1.79b 32.11 220 a 39.53 237 a 31.05
Mg/N 0.13 ¢ 34.15 0.16 cb 31.57 0.18b 31.57 0.37a 35.01
Mg/P 2.36 ¢ 44.90 249 ¢ 48.33 332b 45.64 495 a 41.79
Mg/K 0.16 ¢ 35.20 0.20 cb 50.62 024b 55.26 047 a 64.41

General sufficiency ranges for all the growing stages of pepper plants derived from
DRIS norms using the complete data bank are shown in Table 3. The sufficiency ranges
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obtained in this survey were N (34-56), P (1.9-4.3), K (30-51), Ca (12-33), and Mg (4.0-15)
(mg g~ ! DW), respectively. All the nutrients showed normal distribution, therefore, these
sufficiency ranges represented 80% in N, 67% in P, 78% in K, 77% in Ca, and 87% in Mg of
nutritional determinations of pepper leaves.

Table 3. Comparative study of general ranges DRIS delivered optimum foliar nutrient concentration
ranges for pepper with published sufficiency ranges (mg g~! DW).

N P K Ca Mg
DRIS sufficiency 34-56 1.9-4.3 30-51 12-33 4-15
Guzman [21] 36-37 3.2-35 31-33 31-33 5.6-6.1
Casas and Casas [22] 33-50 3.0-6.0 45-55 15-35 7.5-13
Benton et al. [23] 35-50 1.8-7.0 30-45 10-28 2.6-10.1

The sufficiency ranges of the different growth stages of pepper plant showed a normal
distribution in all the data (Table 4). The optimal ranges delivered by DRIS technique
showed the lowest ranges for N, P, and K in harvesting and the highest in FL. On the
contrary, Ca and Mg showed the lowest range in FL and the highest in HV. Considering
these sufficiency ranges, from 68 to 94% of pepper leaves samples were sufficient in all the
growth stages. Comparing Tables 3 and 4, it can be observed that sometimes the nutrients
can be slightly above or below the optimal range, and it is also noteworthy that in some of
the cases the optimal ranges established for each phenological stage were more restrictive
than the ranges reported for all stages of plant development.

Table 4. Comparative study of DRIS delivered for optimum foliar nutrient concentration ranges in
different phenological stages for pepper with published sufficiency ranges (mg g~! DW). Flowering
(FL), fruiting (FT), fruit development (FD), and harvesting (HV).

N P K Ca Mg

DRIS sufficiency 47-64 2.2-44 38-55 8-21 4-10

FL Cadahia [10] 54-67 1.5-5.0 33-48 12-23 6-14

Maynard and Hochmuth [24]  30-50 3-5 25-50 9-15 3-5

DRIS sufficiency 45-53 2.5-4.6 34-53 9-18 5-10

FT Cadahia [10] 50-57  2.1-4.0 31-50 14-24 7-11
Maynard and Hochmuth [24]

DRIS sufficiency 41-52 1.6-4.1 20-57 9-25 4-13

FD Cadahia [10] 44-52 2-4 20-49 17-30 6-11

Maynard and Hochmuth [24] 2940 2.5-4.0 25-40 10-15 3-4

DRIS sufficiency 28-40 2.0-3.6 17-40 20-44 7-19

HV Cadahia [10] 29-37 1.6-3.0 21-40 29-42 8-19

Maynard and Hochmuth [24]  25-30 2-4 20-30 10-15 3.0-4.0

4. Discussion

The norms derived from this experiment have a huge database with different types
of soil and cultivars that generate a representative population variability as proposed
by Llanderal et al. [5]. To reduce the high variability of the population or coefficient of
variation sampled, DRIS norms were readjusted following the protocol reported by Caront
and Parent [25] and Llanderal et al. [5] based on the development of DRIS norms in the
different phenological stages.

The main conditions of variability in DRIS norms between samples in the sample
period can be ascribed to varietal ability to uptake and use nutrients [26], climatic factor and
the nutrient concentration in the fertigation [27], photosynthetic irradiance and root-zone
temperature [28].

The importance of the lower value of CV in the DRIS norms means that there are huge
changes in the nutritional balance of one crop with only slight modifications in a nutrient
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concentration [5] and this effect is more accentuated if the nutrient has been computed in
several ratios [29].

Comparing the range of the CV in the different phenological stages, the FL showed
the lowest range being in accordance with the data reported by Caront and Parent [25] and
Llanderal et al. [5] with CV ranges from 8.5 to 19.5 and 8 to 15%, respectively, in a tomato
crop. This fact can be explained because flowering is a critical stage in plant development
affecting mainly the harvesting index, therefore, small nutrient variations may result in
yield detriments [5].

In this experiment, the phenological stages of FL showed ratios with lower CV such
as N/P and N/K (26.44 and 19.22%, respectively). Analogously, similar CV values for
these ratios were reported by Abd El-Rheem et al. [15] (24.52 and 18.62%, respectively)
and Sanchez et al. [11] (20.04 and 9.98%, respectively) in pepper crop. The importance of
the N /P ratio may be because both elements have synergistic effects resulting in growth
stimulation and enhanced uptake of both elements [20] and the importance of N/K ratio
can be due to the increase of these nutrients requirements in fruiting [30] and consequently,
any deficit of an element can have a negative impact on the growth and yield of pepper [31].

In this experiment, the phenological stage of fruiting (FT) had higher values of
CV in the different nutrient ratios assessed, in agreement with the results reported by
Llanderal et al. [5] in a tomato crop. Nevertheless, in fruit development (FD), there were
two ratios with lower CV: N/P (30.34%) and Ca/N (24.85%). Similar results were also
noted by Abd El-Rheem et al. [15] (P/N; 23.88%) and Sanchez et al. [11] (Ca/N; 25.62%)
in pepper crop. The importance of N/P in the FD can be due to the high mobility translo-
cation of both elements from leaf to the most nutrient demanding organs (fruits) [32,33].
No references in the literature about the relationship between Ca and N nutrients were
found, but it is necessary to mention that both elements are essential in yield pepper [30],
especially Ca which is one of the most demanded nutrients in fruit development and any
deficiency may result in loss of yield [34]. In the last phenological stage, HV showed only a
ratio with a lower CV (N/P; 23.58%). The importance of this ratio in HV can be related to
the high uptake of both elements due to the high metabolic fruit requirements [35]. Finally,
in relation to the lowest CV in the DRIS norms, N appears in all the ratios with the lowest
CV showing that this nutrient is critical in pepper yield.

The general sufficiency ranges generated by DRIS norms were compared with other
researchers [21-23] (Table 3). In our experiment, the N sufficiency range calculated was
similar with the data reported by the previous authors. In the case of P, our ranges
were lower compared to the data reported by Guzman [21], Casas and Casas [22] and
Benton et al. [23]. This lowest value in the sufficiency range of P can be ascribed to the low
uptake of this element especially under low temperatures such as what happened in the
experimental period of this work (autumn-winter) [36]. With respect to the other nutrients
such as K, Ca and Mg, our data were similar with the results compared with the other
researchers [21-23].

The sufficiency ranges established in each phenological stage after the DRIS method
were also compared with other researchers [10,24] (Table 4). These sufficiency ranges
were similar to that proposed by Maynard and Hochmuth [24] and Cadahia [10] except
for the case of Ca and Mg which were higher in all the phenological stages compared to
the ranges proposed by Maynard and Hochmuth [24]. This fact can be associated to the
high concentration of both elements in the chemical composition of the soil area grown as
reported by Lao [37]. The comparison of sufficiency ranges for N, P and K in harvesting
with respect to the other phenological stages noted a clear decrease which can be ascribed
to the dilution factor [8]. In the same vein, the comparison of sufficiency ranges between
different phenological stages reported a higher concentration of Ca and Mg in harvesting
which related to the accumulation of both elements in the leaf throughout the crop due to
their low mobility [32]. This variability of sufficiency ranges in the phenological stages can
be due to the uptake and use of nutrients [26]; climatic factor and the nutrient concentration
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in the fertigation [27]; photosynthetic irradiance and root-zone temperature [28], as happens
with the DRIS norms.

5. Conclusions

In conclusion, DRIS norms and sufficiency ranges for pepper proposed in this exper-
iment were sensitive to phenological stages being of special importance the role of N in
crop yield as a consequence of the low CV reported in the different ratios assessed. From an
agronomical point of view, these results highlight firstly the importance of an adequate supply
of nitrogen in pepper yield and secondly can be used as a nutritional reference between
growers of the same species under similar climatic conditions or production systems.
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