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ABSTRACT

Population growth and the need to exploit natural resources to produce food and guarantee
food sovereignty reduce water availability, which can influence nutrient absorption capacity
and production of plants. This study evaluated whether variations in soil water replacement
levels promote changes in the mineral composition and biomass productivity of forage cactus
varieties. A field experiment was conducted in a randomized block design with five levels of
reference evapotranspiration replacement (25, 50, 75, 100 and 125% ETo) and three replicates.
Contents of the macronutrients N, P, K, Ca, Mg and S; micronutrients Cu, Fe, Mn, Zn, CI, Na
and B; and biomass productivity were quantified in two varieties of forage cactus (‘Orelha de
Elefante Mexicana’ and ‘Miuda’). The data were subjected to principal component and
multivariate variance analysis. The mineral composition of the forage cactus varieties ‘Miuda’
and ‘Orelha de Elefante Mexicana’ can be optimized from soil water management, so as to
obtain adequate nutritional balance for higher yield. The replacement level of 75% ETo
promoted greater balance between nutrients in the cladodes of the forage cactus variety
‘Miuda’, while ‘Orelha de Elefante Mexicana’ had better nutritional balance with the
replacement levels of 100 and 125% ETo. Soil water replacement levels of 100 and 125% ETo
promote high accumulation of Na* and CI" ions in the cladodes of the forage cactus varieties
studied. Highest biomass productivity of the varieties ‘Orelha de Elefante Mexicana’ and
‘Miuda’ was obtained with 75 and 100% ETo replacement levels, respectively. Among the
varieties, ‘Orelha de Elefante Mexicana’ had a higher capacity for nutrient accumulation and
biomass productivity, followed by ‘Miuda’, under the edaphoclimatic conditions of the
Brazilian semiarid region.
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Variacg6es nos niveis de reposicdo hidrica no solo promovem mudancas
na composicdo mineral e produtividade de biomassa de palma
forrageira

RESUMO

O aumento populacional e necessidade de exploracdo de recursos naturais para producao
de alimentos e garantia da soberania alimentar reduzem a disponibilidade hidrica e isso pode
influenciar a capacidade de absorcdo de nutrientes e producéo das plantas. Objetivou-se avaliar
se as variagdes nos niveis de reposi¢do hidrica no solo promoveram mudangas na composi¢ao
mineral e produtividade de biomassa de variedades de palma forrageira. Foi instalado
experimento de campo em delineamento de blocos casualizados com cinco niveis de reposicéo
da evapotranspiracdo de referéncia (25, 50, 75, 100 e 125% da ETo) e trés repeticbes. Em duas
variedades de palma forrageira (Miuda e Orelha de Elefante Mexicana) foram quantificados os
teores dos macronutrientes, N, P, K, Ca, Mg e S; dos micronutrientes Cu, Fe, Mn, Zn, Cl, Na e
B; e produtividade de biomassa. Os dados foram submetidos a analise de componentes
principais e variancia multivariada. A composi¢do mineral das variedades de palma forrageira
‘Miuda’ e ‘Orelha de Elefante Mexicana’ pode ser otimizada a partir do manejo de 4gua no
solo, de modo a ser obter balango nutricional adequado para maior produtividade. O nivel de
reposicdo de 75% da ET, proporcionou maior equilibrio entre os nutrientes nos cladodios da
variedade de palma forrageira ‘Mitda’, ja a variedade ‘Orelha de Elefante Mexicana’ teve
melhor balango nutricional com os niveis de reposicdo de 100 e 125% da ETo. Os niveis de
reposicdo de agua no solo de 100 e 125% da ETo promovem elevado acimulo de ions Na* e
Cl" nos cladddios das variedades de palma forrageira estudadas. Maior produtividade de
biomassa das variedades ‘Orelha de Elefante Mexicana’ e ‘Mitda’ foi obtida com reposigdes
75 e 100% da ETo, respectivamente. Dentre as variedades, a ‘Orelha de Elefante Mexicana’
teve maior capacidade de acimulo de nutrientes e produtividade de biomassa, seguida da
‘Miuda’ nas condi¢des edafoclimaticas do semiarido brasileiro.

Palavras-chave: demanda hidrica, irrigacdo, Nopalea, nutricdo mineral, Opuntia.

1. INTRODUCTION

Growing water scarcity can be defined as the imbalance between high demand due to
population growth and economic development and low availability of water that can occur due
to the effects of climate change (Santana et al., 2019; Benites-Lazaro et al., 2020). The Brazilian
semiarid region undergoes constant changes in land use due to deforestation and high
seasonality of water, represented among other variables by the decline in soil moisture content
(Queiroz et al., 2020; Santos et al., 2020).

Soil moisture content is a vital component of the hydrological cycle, with a strong effect
on the dynamics of carbon, water and energy at the surface-atmosphere interface. This is a
determining factor in the patterns of plant distribution and growth in arid and semiarid
environments (Medeiros et al., 2020). Indeed, soil moisture maintenance acts in the dynamics
of microorganisms that are fundamental for nutrient cycling and fertility of agroecosystems,
which stimulates plant growth and production (Zhou et al., 2020).

All this information highlights the importance of strategies of coexistence with the
edaphoclimatic characteristics of the semiarid region. Thus, the cultivation of adapted plants is
an efficient alternative for production in limiting environments. Cactus species (e.g. Nopalea
ssp. and Opuntia ssp.) have anatomical and morphophysiological characteristics that favor their
adaptation to the environmental conditions in these regions (Cardoso et al., 2019).
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Forage cactus is a plant with CAM (Crassulacean Acid Metabolism), a photosynthetic
adaptation that facilitates the absorption of carbon dioxide at night, hence increasing water use
efficiency, which enables crops to grow in arid and semiarid climates and, at the same time,
produce aboveground biomass comparable to Cs and C4 crops with only 20% of water needs
(Krimpel et al., 2020).

In Brazil, it is estimated that currently there are approximately 600,000 hectares cultivated
with Opuntia ficus-indica (L.) Mill. and Nopalea cochenillifera (L.) Salm-Dyck (Cardoso et
al., 2019). Opuntia is a drought-tolerant cactus, widely cultivated in semiarid and arid regions
and has fruits and cladodes that can be used as sources of nutrients and phytochemicals (Salehi
et al., 2019; Liguori et al., 2020). Nopalea stands out for having nutritional qualities and
resistance to cochineal (Cardoso et al., 2019).

Forage cactus plays a supplemental role in the feeding of herds during the dry season
(Rezende et al., 2020). However, studies indicate that adequate management, fertilization and
irrigation are necessary for the satisfactory increase in its yield, so that the crop can express its
best production potential, especially in regions with high seasonality of production and
irregularity of rains such as the semiarid region (Silva et al., 2019).

In a systematic review and meta-analysis study, Ferraz et al. (2019) found that irrigated
forage cactus crops promote yield increment of 53.54 t ha™* year! when compared to rainfed
crops, with possible yields of 80.25 t ha! year? under high irrigation depths and 26.83 t ha
year! with lower irrigation depths in environments with higher rainfall. However, the
significant increase in yield may result in a reduction in nutrient contents in forage cactus.

In irrigated forage cactus cultivation systems with high yield, it is essential to monitor the
mineral composition of cladodes, because the increase in biomass can generate a nutrient
dilution effect and compromise the nutritional quality of this feed for herds, since Nopalea ssp.
and Opuntia ssp. provide food and water for animals and reductions in nutritional contents can
influence the production and quality of meat (Moura et al., 2020). In this context, this study
evaluated whether variations in soil water replacement levels promote changes in the mineral
composition and biomass productivity of forage cactus varieties.

2. MATERIAL AND METHODS

2.1. Experimental area location and characterization

The experiment was conducted between May 2015 and December 2016, under field
conditions, on the Po¢o Redondo farm, municipality of Santa Luzia, Seridd Ocidental
Paraibano microregion, latitude of 06°52°27°” S, longitude of 36°56°00°” W Gr, and altitude of
299 m.

The climate of the region is Bsh-Tropical, hot-dry semiarid with summer rains, according
to Koppen'’s classification (Koppen and Geiger, 1928). Annually, the average precipitation of
the region is 500 mm, with a minimum temperature of 22.3°C, average temperature of 27.6°C,
maximum temperature of 33.0°C and relative humidity ranging from 50 to 70%. During the
experiment, meteorological variables were monitored and expressed in climograph (Figure 1).

The soil of the experimental area was classified according to texture as sandy loam. For
this, single samples were collected at depths of 0-0.20 m and 0.20-0.40 m, homogenized, placed
in plastic bags and transported to the Irrigation and Salinity Laboratory (LIS) of the Center for
Technology and Natural Resources (CTRN) of the Federal University of Campina Grande
(UFCG) for chemical and physical-hydraulic characterization (Tables 1 and 2).

The water used for irrigation during the experiment was monitored for its chemical
composition. For this, water samples from a shallow well (Amazonas type) located 80 m away
from the experimental area were collected every three months. The samples were transported
to LIS/CTRN/UFCG, and the following average data of chemical composition of the water
were obtained: pH = 7.48, Ca=2.21 meq L, Mg = 2.98 meq L?, Na = 8.44 meq L, K = 0.56
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meq L, CO3 = 0.64 meq L, HCO3 = 3.25 meq L, Cl = 11.47 meq L™, sulfates = present,
sodium adsorption ratio - SAR = 5.24 meq Lt and electrical conductivity - ECw = 1.37 dS m-
! being classified as CsSi, according to the classification of the United States Salinity

Laboratory -USSL.
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Figure 1. Climograph with the meteorological variables recorded during the experimental period.

Table 1. Chemical characterization of the sorption complex and saturation extract of the soil

of the experimental area at two depths.

Sorption Complex

Depth (m) pH! OM N P K Ca Mg Na H* AP SB CEC
% cmole dm3
0.00-0.20 583 038 0.02 475 060 418 248 0.17 018 ND 7.43 7.61
0.20-0.40 6.15 022 0.01 478 063 465 286 051 015 ND 865 8.80
Saturation Extract
Depth(m) pH! CI CO; HCO; Ca Mg K Na ECse SAR
cmolc L? dSm?
0.00-0.20 544 750 0.00 990 512 150 370 237 1.14 1.30
0.20-0.40 5.70 1950 0.00 9.90 9.87 3.00 14.08 5.96 2.86 2.35

1 pH in water; OM: organic matter; SB: sum of bases; CEC: cation exchange capacity; ECse:
electrical conductivity of the soil saturation extract; SAR: sodium adsorption ratio; and ND:

not detected.

Table 2. Physical-hydraulic characterization of the soil of the experimental area at two depths.

Sand  Silt Clay n BD PD U-0.1 U-03 U-10 U-50 U-100 U-150 AW
Depth (m)
% gcm? %
0.00-0.20 74.83 1728 7.89 4423 147 139 1856 1210 9.34 5.15 4.88 444  7.66
0.20-0.40 67.71 1830 1399 4648 139 260 2014 1479 1028 6.29 6.01 539 9.40

n: porosity, BD: bulk density, PD: particle density, U: soil moisture between 0.1 and 15 atmosphere;

AW: available water in the soil.
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2.2. Experimental design

The experiment was installed in a randomized block design and the treatments consisted
of five levels of reference evapotranspiration replacement (25, 50, 75, 100 and 125% ETo) with
three replicates (blocks), using two varieties of forage cactus - MI = Miuda (Nopalea
cochenillifera Salm — Dyck) and - OR = Orelha de Elefante Mexicana (Opuntia ficus-indica
(L.) Mill.). Each plot had an area of 14.4 m?, consisting of a double row with spacing of 0.4 m
between rows, 2.0 m between double rows and 0.25 m between plants, with length of 5 m and
border of 1 m, adopting a usable area of 0.6 m? in the plot.

From soil fertility analysis, organic fertilization was performed with 1.0 kg of bovine
manure per linear meter. Following the recommendation of Santos et al. (2006), phosphate
fertilization was also performed with 100 kg ha™ of P,Os and potassium fertilization with 65
kg ha? of K20, using 200 kg ha monoammonium phosphate (MAP) and 108.33 kg ha of
potassium chloride (KCI) as sources of these nutrients. Nitrogen fertilization was performed
using 900 kg ha* nitrogen (N), applying 2,000 kg ha* of urea as a source of N, supplied via
monthly fertigation, split and applied over 18 months.

2.3. Vegetative propagules and planting

The vegetative propagules (cladodes) were obtained from rural producers in the
municipality of Santarém, PB, in partnership with the National Institute of the Semiarid Region
(INSA). This material was selected by opting for uniform cladodes that were free of pests and
diseases. After screening, the cladodes were kept in an open environment with reduced lighting
for seven days, for partial dehydration and healing of the lesions caused by the cutting. The
cladodes were planted on May 29, 2015, by placing the propagative material in the planting
furrows, with the cladode facing the sunrise, at a 45° angle, and 50% of the cladode buried in
the soil in a bilateral alignment.

2.4. Application of treatments and cultivation practices

ETo levels were replaced using a localized drip irrigation system, consisting of a drip tube
with a wall thickness of 0.2 mm, internal diameter of 16 mm, spacing between drippers of 0.20
m; nominal pressure of 68.6 kPa; flow rate of 6.0 L h™* m™. The emitter equation was q = 0.46
x p%°, and the application efficiency of the system was 0.96.

The irrigation system was pressurized using a 3-HP centrifugal motor-pump set. A 2” disc
filter was used in the discharge piping, and Bourdon-type manometers tested and calibrated
before irrigations were used in the lateral lines. At the beginning of the experimental area, a
hydrometer was installed to monitor the amount of water applied during the experimental
period.

For each ETo replacement level, the following components were quantified: net irrigation
depth (Dnet), in mm, taking into account the fraction applied in each plot (Dap), decimal, and
the effective precipitation in the period (P), in mm, obtained using the expression: Dner = (ETO
* Dap) - P. The gross irrigation depth (Deross) was calculated based on the system’s efficiency
of application (Ea), in decimal, using the expression: Dcross = Dnet/Ea. The volumes applied
by irrigation in each treatment corresponded to 111.32, 222.65, 333.98, 445.31 and 556.64 mm,
which added to the precipitation during the period, reached 578.22, 689.55, 800.88, 912.21 and
1,023.54 mm.

The irrigation system’s intensity of application (Ia), in mm h™*, was calculated considering:
number of emitters (Ne) - two per plant; flow rate - 1.21 L h; and area occupied by the plant
(A) - 0.30 m?, using the expression: la = (Ne *q)/A. The irrigation time (Ti) required for ETo
replacement in each treatment was calculated based on the gross irrigation depth (Dgross) in
mm; and the irrigation system’s intensity of application (Ia), in mm h, using the expression:
Ti = Dcross/la.

AR Rev. Ambient. Agua vol. 15 n. 5, €2537 - Taubaté 2020
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2.5. Analysis of cladode mineral composition and biomass productivity

At 540 days after planting (DAP), three cladodes were collected from different plants in
the usable area of each plot, standardized by weight, size, development stage and position on
the plant. The samples were weighed to obtain the fresh mass (g) and taken to the Irrigation and
Drainage Engineering Laboratory (LEID) of CTRN/UFCG, where they were cut into pieces,
placed in previously identified paper bags and dried in a forced air circulation oven at 60°C
until they reached constant weight. Subsequently, the material was weighed, crushed, sieved
using 1.0-mm-mesh sieves and stored in hermetically sealed containers.

The containers with the samples were transported to the Laboratory of Soil Chemistry and
Fertility of the Center for Agrarian Sciences (CCA) of the Federal University of Paraiba (UFPB)
for the analysis of mineral composition, expressed through the contents of macronutrients, N,
P, K, Ca, Mg and S, and micronutrients, Cu, Fe, Mn, Zn, Cl, Na and B, using the methodology
of Embrapa (2009).

To evaluate biomass productivity (BP), the cladodes subsequent to the basal cladode of the
usable area of each plot were cut and weighed on a scale with precision of +0.01. Productivity
(t ha't) was estimated by multiplying the average mass of cladodes by the average number of
cladodes per plant and by the number of plants per hectare.

2.6. Statistical analysis

The data were normalized for zero mean (X = 0.0) and unit variance (o2 = 1.0). The
multivariate structure of the results was evaluated using the exploratory Principal Component
Analysis (PCA), condensing the amount of relevant information contained in the original data
set in a smaller number of dimensions, resulting from linear combinations of the original
variables generated from the highest eigenvalues (A >1.0) in the correlation matrix, explaining
a percentage greater than 10% of o (Govaerts et al., 2007).

Only variables with Pearson’s correlation coefficient above 0.5 were maintained in the
composition of each Principal Component (PC) (Hair Jr. et al., 2009). Correlations were
classified according to Dancey and Reidy (2013) as weak (r = 0.10-0.30), moderate (r = 0.40-
0.60 and strong (r = 0.70-1.00). Variables not associated with PCs (r < 0.5) were removed from
the normalized database and a new analysis was performed. Four variables were removed and
10 were considered for the variety ‘Miuda’ and two variables were removed and 12 were
considered for the variety ‘Orelha de Elefante Mexicana’.

Variables on each PC were submitted to multivariate analysis of variance (MANOVA) by
Hotelling’s test (P < 0.05). Not associated original variables data with PCs were submitted to
univariate analysis of variance (ANOVA) by F test (P <0.05) and means were compared using
the Tukey test, as the regression deviations were significant. Varieties were not compared
because they are different species. The analyses were carried out using Statistica software v.
7.0.

3. RESULTS AND DISCUSSION

In the forage cactus ‘Miuda’, the contents of macro and micronutrients were correlated in
two dimensions (PC1 and PC>), which represent 90.53% of the total experimental variance. PC;
accounts for 60.72% of the total variance, formed from the linear combination between the
contents of N, P, K, Mg, Cl, B, Fe and Mn; and PC; represents 29.81% of the remaining
variance, formed from the contents of Na and Cu (Table 3). Ca, S, Zn contents and BP were not
related in PC1 and PC». The results of PCA and absolute contents of macro and micronutrients
of ‘Miuda’ forage cactus obtained at each level of ETo replacement are presented in Table 3.
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Table 3. Eigenvalues, variance, coefficients of correlation between Principal Components and variables and means of treatments for the forage cactus

variety ‘Miuda’.

PCs L o*% P

Factorial Loadings (r)

N Pl Kt Ccal Mgt Nat ci s2 B2 Cu?  Zn? Fe? Mn? BP?

PC: 6.07 60.72 <0.001 -0.84" -0.86" -0.92° R -0.78° 0.05 -0.96 R -0.95° -0.31 R -0.73"  -0.84" R

PC, 298 29.81 <0.001 0.28 0.48 037 R -059 -0.96" -0.22 R 0.01 -0.86" R 0.46 -0.52 R
ETo Means

25% 1418 014 1168 4.46 1354 2.64 3286 7538 66.41 558 18.07 49.07 348.60 204.16

50% 1735 020 18.48 347 1404 226 4134 9473 6981 6.16 18.00 133.44 434.45 130.55

5% 21.35 0.23 3473 446 1847 188 6042 67.12 97.02 8.64 18.64 14851 746.21 91.67

100% 2310 020 26.16 4.14 2200 328 64.66 67.63 86.25 9.64 29.12 104.15 747.81 241.66

125% 1488 0.17 16.37 4.46 2040 3.67 53.00 86.99 80.58 1844 1522 95.22 814.67 125.00

PCs: principal components; A: eigenvalues; c?%: portion of the variance explained; 1: means in g kg?; 2: means in mg kg?; 3: means in t ha'*; ETo:
reference evapotranspiration; R: variable removed from principal component analysis; P: probability of the significance test by Hotelling’s test; and

*: variables considered in the PC; r = 0.10-0.30 (weak correlation); r = 0.40-0.60 (moderate correlation); r = 0.70-1.00 (strong correlation).

Regardless of the ETo replacement level, the order of magnitude of macronutrient accumulation in cladodes of ‘Miuda’ forage cactus, in g
kg, was: Ca (41.94+3.84) > K (21.48+8.11) > N (18.17+3.52) > Mg (17.69+3.38) > P (1.90+0.31) > S (0.08+0.01); and for micronutrients, in
mg kg, the order was: Cl (50456.00+11834.08) > Na (2746.00+65365) > Mn (618.35+188.80) > Fe (108.08+34.41) > B (80.01+11.11) > Zn

(19.81+4.80) > Cu (9.69+4.63).

In PCy, it was found that the forage cactus ‘Mitda’ has higher relative accumulation of N, P, K, B and Fe under replacement of 75% ETo,
whereas relative contents of Cl, Mg and Mn are accumulated in greater quantity with 100% ETo replacement. It should be emphasized that lower
accumulation of these nutrients was observed with 25% ETo replacement. In PC,, it was found that the forage cactus ‘Mituda’ accumulates higher
contents of Na and Cu when 125% of ETo is replaced, while lower contents of these nutrients were found with 50% ETo (Figure 2 A and B).

Ca contents were reduced when the forage cactus ‘Miuda’ was irrigated with 50% ETo replacement, whereas the other levels did not cause
differences (Figure 2 C). S contents did not differ with variation in ETo levels (Figure 2 D). Replacement of 100% ETo increased Zn contents in
the cladodes (Figure 2 E). Irrigation with 25 or 100% ETo promoted higher biomass productivity (Figure 2 F).

IPABH:
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Figure 2. Two-dimensional projection (Biplot) of ETo replacement levels (A) and correlation of
variables (B) in the first two Principal Components (PC: and PC,), Ca (C), S (D) and Zn (E) contents
and BP (F) for the forage cactus variety ‘Miuda’ under water replacement levels.

ETo replacement levels (%)

For the forage cactus ‘Miuda’ (Nopalea cochenillifera (L.) Salm-Dyck), the classic
contents of macronutrients, in g kg™ of dry matter, reported in the literature are: N (6.7-10.5),
P (1.0-1.6), K (8.3-12.1), Ca (20.6-22.5), Mg (10.4-17.0) and S (0.9-1.9). The classic contents

of micronutrientes, in mg kg™ of dry matter, are: Cu (4.0), Fe (59.0), Mn (430.0), Zn (70.0) and

Rev. Ambient. Agua vol. 15 n. 5, €2537 - Taubaté 2020
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Na (143.0) (Germano et al., 1991; Batista et al., 2003; Menezes et al., 2005; Santos et al., 2006;
Frota et al., 2015).

The forage cactus ‘Miuda’ had higher accumulation of N, K, Ca, Mg, Cu, Fe, Mn and Na
than those reported in the literature for the species Nopalea cochenillifera (L.) Salm-Dyck,
while the contents of P, S and Zn were lower. The observed increments occurred because the
replacement levels of 75, 100 and 125% ETo promoted higher water availability in the soil and
favored greater water absorption, rise and transpiration by plants, and this process is
fundamental for the assimilation and remobilization of nutrients (Taiz et al., 2017).

Greater availability of water and nitrogen may have induced the growth and development
of roots, because the forage cactus has a root system formed by many thin roots (< 1 mm)
distributed in a network, located in the surface layer of the soil profile (0-20 cm), adapted for
absorbing water from light rains and even dew. Thus, greater water supply may have promoted
root growth in deeper layers due to percolation of water and transport of nutrients to these zones
(Oliveira et al., 2010). It must be pointed out that in areas of arid and semiarid climate, soil
moisture is usually the main factor influencing root growth (Wilcox et al., 2004).

The above-mentioned information is ratified by Snyman (2006), who found that the mass
and length of forage cactus roots decreased significantly under water deficit, while the root
mass/length ratio increased significantly. In this context, the supply of water and nitrogen may
have promoted greater accumulation of root biomass, besides stimulating root elongation,
increasing the specific surface for nutrient absorption, which justifies the high contents
quantified in this study.

The low content of P observed under 25% ETo replacement may be related to its low
mobility in the soil (Santos et al., 2008). In addition, the low soil moisture content inhibits
mycorrhizal colonization and reduces nutrient absorption, notably due to the smaller diameter
of the fungi hyphae and consequent reduction in the hypha-soil contact surface, converged to
limit the ability to store polyphosphates in vacuoles (Santos, 2018).

Indeed, the low moisture may have limited these processes, especially since these fungi
increase the availability of nutrients, notably those with lower mobility, as in the case of
phosphorus (Abboud et al., 2018), enhance water absorption and ensure greater drought
resistance in host plants (Balota et al., 2011). Complementarily, the reduction of P content under
125% ETo replacement may have occurred due to the greater solubilization and flow of the
mass of water with phosphate to deeper layers, where there is lower root density, and to the
transport of the nutrient (Costa et al., 2014).

For the forage cactus ‘Orelha de Elefante Mexicana’, two Principal Components (PC1 and
PC.) were formed with eigenvalues greater than one, with accumulated total variance of 87.01%
in the experiment. The contents of N, P, Ca, Na, Cl, S, B, and Fe were combined to form PCy,
which accounts for 47.73% of the total variance, while PC, accounts for 39.28% of the
remaining variance and was formed by the linear combination of the Mg, Cu, Zn and Mn
contents (Table 4). K contents and BP were not related in PC1 and PCo.

The absolute contents of macro and micronutrients in the forage cactus ‘Orelha de Elefante
Mexicana’ obtained at each level of ETo replacement are presented in Table 4. Regardless of
ETo replacement level, the order of magnitude of macronutrient accumulation in the cladodes
of ‘Orelha de Elefante Mexicana’, in g kg™, was: Ca (45.24+5.60) > Mg (21.77+1.41) > N
(18.17+2.48) > K (18.15+2.48) > P (1.90+0.31) > S (0.07+0.03); and for micronutrients, in mg
kg, the order was: Cl (65508.00+7943.64) > Na (2906.00+1309.76) > Mn (995.66+163.35) >
Fe (108.08+34.41) > B (105.41+19.56) > Zn (22.65+3.17) > Cu (13.44+£2.56).
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Table 4. Eigenvalues, variance, coefficients of correlation between Principal Components and variables and means of treatments for the forage cactus

variety ‘Orelha de Elefante Mexicana’.

PCs A %% P

Factorial Loadings (r)

N! p! K! Cal  Mg' Na! CIt S2 B? Cu?  Zn? Fe? Mn? BP?

PC: 5.73 47.73 <0.001 0.74" 0.84" R 0.80° 0.19 -0.77° -0.91° 0.78" -0.96° -057 0.11 -0.70° 0.13 R
PC, 4.71 39.28 <0.001 0.40 043 R -0.57 097 063 0.04 052 0.01 0.68 098 -020 -0.98 R

ETo Means

25% 2380 0.22 16.82 4450 2398 322 5724 9344 9532 1596 26.79 126.10 803.63 280.55

50% 18.03 0.17 16.12 4950 21.74 213 6148 63.76 102.69 12.74 2233 10473 1058.23 213.89

5% 1768 0.16 18.94 4950 1955 1.73 63.60 3538 11233 1194 17.10 167.16 1262.35 686.10

100% 1750 0.18 22.66 48.00 2153 212 ©64.66 9860 7888 9.86 2299 81.13 1004.77 538.88

125% 13.83 0.13 16.19 3465 2205 533 8056 4054 13784 16.72 24.06 156.28 849.32 416.66

PCs: principal components; A: eigenvalues; 6°%: portion of the variance explained; 1: means in g kg*; 2: means in mg kg%; 3: means in t
hal; ETo: reference evapotranspiration; R: variable removed from principal component analysis; P: probability of the significance test by
Hotelling’s test; and *: variables considered in the PC; r = 0.10-0.30 (weak correlation); r = 0.40-0.60 (moderate correlation); r = 0.70-1.00

(strong correlation).

It was found that, in PC3, the forage cactus OR had higher relative accumulation of N, P and S under 25% ETo replacement. Also in PCy, the
OR variety obtained a higher Ca content with 50% ETo replacement, more substantial contents of Na, Cl and B under 125% ETo, and higher
accumulation of Fe when 75% ETo replacement. In PC», the forage cactus variety OR had a higher relative accumulation of Mg and Zn with the
replacement of 25% ETo, while higher relative contents of Mn and Cu were obtained in plants subjected to 75% and 125% ETo, respectively
(Figure 3 A and B). K contents did not differ in response to the ETo replacement levels (Figure 3 C). Higher biomass productivity (BP) was
obtained when ‘Orelha de Elefante Meicana’ was irrigated with 75% ETo, showing intermediate productivity under replacements of 100 and 125%
ETo and lower productivity under replacements of 25 and 50% ETo (Figure 3 D).

Rev. Ambient. Agua vol. 15 n. 5, €2537 - Taubaté 2020

IPABH



Variations in soil water replacement levels promote ... 11

A 5 T T T T T T T T B T T T T
) ) o
4 1.0 M
; OR-25 Na  Cu g
J Py S
< °[oR-125 s 01 P
go 1 B ¢ 80 Cl N
a0 S 0.0
o) . 0
2| o °*OR-100 - B
0 OR-50 < Fe
-2 1 05 Ca
-3t ]
OR-75
4L . - L
1.0 Mo
_5 ! ! L I 1 1 I 1 L L L L
5 4 32 -1 01 2 3 4 5 -1.0  -0.5 0.0 0.5 1.0
PC, (47.73%) PC, (47.73%)
C) 30 4 D) 1000
25 4 {aﬁ TE 800 - a
Y 20 - i < % ab
- {‘L a [ a £ 600 )
= 2 a
g 15 - 1 B3 g %
= T 400 b
5 10 - g, b
% 2
5 . g 200 ~
0 T T T 1 B O T 1
25 50 75 100 125 25 50 75 100 125
ETo replacement levels (%) ETo replacement levels (%)

Figure 3. Two-dimensional projection (Biplot) of ETo replacement levels (A) and correlation of
variables (B) in the first two Principal Components (PC; and PC,), K content (C) and BP (D) for the
forage cactus variety ‘Orelha de Elefante Mexicana’ under water replacement levels.

In the pertinent literature, the classic contents of macronutrients in forage cactus (Opuntia
ficus-indica (L.) Mill), a species of the variety ‘Orelha de Elefante Mexicana’, in g kg™ of dry
matter, are: N (6.7-20.6), P (0.8-4.7), K (23.0-33.4), Ca (14.9-42.0), Mg (5.9-14.0) and S (1.7-
6.1); and the classic contents of micronutrients, in mg kg™ of dry matter, are: Fe (77.0-128.0),
Zn (62.0-108.6), Mn (182.0-686.9), Cu (4.0-1 2.2), B (15.8-22.4) and Na (40.2-135.9)
(Menezes et al., 2005; Silva et al., 2012).

The contents of Ca, Mg, Na, B, Cu and Mn in the variety ‘Orelha de Elefante Mexicana’
were higher than those reported in the literature, except for Ca contents under replacement of
125% ETo and Cu contents under replacements of 75 and 100% ETo, which are within the
concentration range reported for the species. N and Fe contents are within the concentrations
reported in the literature, except under replacement of 25% ETo, where the accumulation of N
is higher, and under replacements of 75 and 100% ETo, where Fe contents are higher. The
contents of P, K, S and Zn are below the concentration range.

The high contents of Ca, Mg, Na, B, Cu and Mn may be related to the greater availability
of water and nitrogen in the soil due to fertigation, a situation that promotes the development
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of adaptation mechanisms for better absorption of water and nutrients in arid and semiarid
regions (Edvan et al., 2013). There may have been a change in root structure, especially increase
in the absorption surface, notably due to the inhibition of growth of the main root and
stimulation of growth and density of lateral roots and root hairs, besides the increase in their
diameter and hydraulic conductivity (Morgan and Connolly, 2013; Xia et al., 2018).

In addition to root changes, the greater supply of water and nitrogen may have increased
water potential and turgor pressure in the cells, resulting in a higher concentration of organic
solutes in the cytosol and extracellular matrices, a condition that leads to osmotic adjustment
and may have influenced the transpiration flow and the consequent influx of water and nutrients
into plants (Merwad et al., 2018). Indeed, the accumulation of K, Cl, Na and nitrate (NOs-) may
have stimulated cell elongation and division in the apical meristem region of lateral roots,
contributing to greater growth and exploration of the soil profile and consequent interception
and absorption of nutrients by the roots of the variety ‘Orelha de Elefante Mexicana’ (Taiz et
al., 2017).

The reduction in phosphorus contents observed with the increment in ETo replacement
levels are probably related to the leaching caused by the greater dissociation of phosphate
granules and water percolation movement by mass flow, conditions that enabled phosphate
movement between soil particles to deeper regions (Harger et al., 2007; Goncalves et al., 2008;
Costa et al., 2014).

In another perspective, there may have been adsorption and precipitation of P to soil
particles and to organic matter, notably due to electrostatic or covalent bonds and the
consequent formation of insoluble compounds, which makes the element unavailable for plants
(Corréacetal., 2011). Indeed, the increase in water supply in the soil may have promoted greater
biomass accumulation in spontaneous plants (weed) and consequent increase in organic matter,
which favors greater adsorption and complexation of P to Fe oxides, Al oxides and clay
minerals, due to the occupation of adsorption sites (Abboud et al., 2018).

According to Silva (2017), the increase in ETo replacement levels associated with the
greater availability of N via fertigation promoted greater accumulation of biomass in the
cladodes of the forage cactus variety ‘Orelha de Elefante Mexicana’. These increments in water
and biomass may have favored greater remobilization of P in the cladode tissues, due to the
high mobility of P in the plant (Luengo et al., 2018), which reflects greater nutrient dilution
effect on parenchymatic tissues of the forage cactus (Dubeux Junior et al., 2006).

The low K contents recorded in the variety ‘Orelha de Elefante Mexicana’ are possibly due
to the leaching of the nutrient to deeper zones that are not explored by the root system. This
information is ratified by Albuquerque et al. (2011), who mentioned that unabsorbed K is
leached, and this process is responsible for up to 10% of K losses in the rhizosphere. It should
be emphasized that the mobility of K* ions in the soil occurs primarily by diffusion, so the
amount of K reaching the roots by mass flow is much lower than the absorption rate, justifying
the low contents recorded even in irrigated cultivation (Neves et al., 2009).

Conversely, it is possible that excess salts in irrigation water (C3S1), besides limiting water
availability, may have caused nutritional disorders in the plant, notably for preventing the
absorption of K, which converges to nutritional unbalance (Albuquerque et al., 2011). In this
context, it can be inferred that there was an absorption of Na instead of K, given the high Na
content found in the cladode tissues. Indeed, Na may have acted on the enzymatic activation of
ATPase, osmoregulation, absorption of macronutrients, cell permeability, carbohydrate
synthesis, stomatal opening and closure, and in the transport of carbon dioxide (Inocencio et
al., 2014).

The low contents of S in the cladodes may have occurred because excess water carried the
nutrient to deeper layers, especially because of its high mobility in the soil. This is due to the
high contents of Na from the irrigation water, which may have been linked to sulfate (SO,?%),
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which can be confirmed by the increase in the solubilization of ions, such as Ca?* and Mg?",
notably by the high contents of these nutrients found in the cladodes (Giordano and Raven,
2014; Araujo et al., 2015). The low contents of Zn in the cladodes may have occurred due to
the greater supply of organic matter resulting from the increase of weed and consequent
adsorption of this nutrient to the organic fraction or to Fe and Al oxides in the soil matrix
(Smanhotto et al., 2010).

4. CONCLUSIONS

The mineral composition of the forage cactus varieties ‘Mitda’ and ‘Orelha de Elefante
Mexicana’ can be optimized from soil water management, so as to obtain adequate nutritional
balance for higher yield.

The replacement level of 75% ETo promoted greater balance between nutrients in the
cladodes of the forage cactus variety ‘Miuda’, while ‘Orelha de Elefante Mexicana’ had better
nutritional balance with the replacement levels of 100 and 125% ETo.

Soil water replacement levels of 100 and 125% ETo promote high accumulation of Na*
and CI" ions in the cladodes of the forage cactus varieties studied.

Highest biomass productivity of the varieties ‘Orelha de Elefante Mexicana’ and ‘Mitda’
was obtained with 75 and 100% ETo replacement levels, respectively.

Among the varieties, ‘Orelha de Elefante Mexicana’ had higher capacity to accumulate
nutrients and biomass productivity, followed by ‘Mitda’ under the edaphoclimatic conditions
of the Brazilian semiarid region.
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