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Abstract: The use of organic sources presents itself as a viable alternative to mitigate the excessive
reliance on chemical fertilizers in agricultural practices. However, in the realm of pineapple culti-
vation, research exploring the synergy between chemical and organic fertilizers remains scarce. In
this context, the objective of this research was to evaluate the impact of the combination of chemical
and organic fertilizers on the growth and yield of the MD-2 pineapple cultivar under two shade net
conditions (installed 45 and 250 days after planting). The experiment was conducted in a split-plot
design, with the main plot being the shade net conditions and the sub-plots the five fertilization
treatments, which were applied 18 times via drip irrigation (control, 100% chemical fertilization, 50%
reduced chemical fertilization, organic fertilization, and a combination of 50% chemical fertilization
with organic fertilization). The results showed that the early installation of shade netting 45 days
after planting decreases the growth and yield of pineapple; thus, the use of shade netting at this
age is not recommended. Regarding fertilization, the combination of 50% chemical fertilization
with organic fertilization showed similar growth and yield values compared to 100% conventional
chemical fertilization under both shade net conditions. Furthermore, this combination presented
similar nitrate and potassium values in the plant and did not negatively affect malic acid content.
Therefore, the use of organic fertilizers in pineapple cultivation is a promising strategy to reduce the
excessive use of chemical fertilizers, and it could also improve soil fertility.

Keywords: pineapple; integrated nutrient management; organic fertilization; shade net; malic acid

1. Introduction

Pineapple (Ananas comosus L. Merr.) ranks third among the most consumed tropical
fruits, following bananas and mangoes [1]. It is the most economically relevant species
within the Bromeliaceae family [2]. Pineapples are characterized by their unique aroma and
sweet flavor, as well as their beneficial quantities of minerals, fibers, sugars, vitamins, and
volatile compounds for human health [3]. In 2022, global pineapple production reached
approximately 29.36 million metric tons [4], highlighting its worldwide significance as a
significant crop both economically and nutritionally.

It is noteworthy that this global production entails the use of considerable amounts of
inorganic fertilizers, especially nitrogen- and potassium-based ones. Nitrogen is essential
for achieving high growth rates, while potassium plays a crucial role in fruit quality [5]. The
recommended amount of nitrogen in pineapple cultivation varies between 520 and 700 kg
ha−1, while the potassium dose ranges from 340 to 700 kg ha−1 [6,7]. These requirements
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are strongly influenced by factors such as cultivar type, planting density, as well as the
climatic conditions and soil characteristics of each region [5,7].

However, the excessive use of chemical fertilizers and phytopharmaceutical products
has harmed soil health, affecting fertility and the microbiome [8–10]. A promising strategy
to reduce dependence on synthetic fertilizers is the incorporation of organic amendments.
Although research on this practice in pineapple cultivation is limited, approaches such as
the application of vermicompost [11], green manures [12], and manure [13,14] stand out to
minimize chemical fertilization. The application of organic amendments has been shown
to improve synchronization between soil nutrient availability and plant uptake during
pineapple’s phenological stages of highest demand, thus reducing losses from leaching and
volatilization [15], and has demonstrated similar or even superior yields and fruit quality
compared to conventional fertilization [13,16–18]. Additionally, they increase the number
of beneficial bacteria related to the carbon cycle in the rhizosphere [14].

In certain regions of pineapple cultivation, where sunlight is intense, the installation
of shade netting after floral induction is common to prevent severe fruit sunburn and
preserve quality [19,20]. Additionally, it has been reported that the use of shade nets
increases pineapple crop productivity [21]. However, there is limited information on plant
responses when shade netting is installed from the beginning of planting. Additionally, the
implementation of sprinkler or drip irrigation systems in pineapple production emerges as
an effective option for the precise application of soluble fertilizers, whether inorganic or
organic in origin [22,23]. Despite not being commonly used due to the predominance of
rainfed conditions in most pineapple-growing areas, these irrigation systems offer a viable
alternative to meet crop water needs and provide nutrients efficiently [24]. Some recent
studies have shown that supplementary sprinkler irrigation and drip irrigation promote
increased productivity and fruit quality in pineapple [25,26]. In this context, the present
research evaluates the contribution of vermicompost to the soil and the combination of
chemical and organic soluble fertilizers applied through drip irrigation to the growth and
yield of MD-2 pineapple under two shade netting conditions.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted from August 2019 to October 2020 at the University
of Papaloapan in Loma Bonita, Oaxaca, Mexico, situated at coordinates 18◦05′56.5′′ N
95◦53′48.8′′ W and an elevation of 30 m above sea level. Temperature and precipitation data
throughout the experiment (Figure 1) were sourced from the CRU TS (Climatic Research
Unit gridded Time Series) version 4.05 database, utilizing Google Earth Pro. CRU TS is
a comprehensive dataset of interpolated climate information derived from an extensive
network of climatological stations organized on a 0.5◦-latitude-by-0.5◦-longitude grid across
the globe, excluding Antarctica [27]. The soil at the experimental site is characterized as
acidic (pH 4.5, water 1:2), with a loamy texture, and contains 2.9% organic matter (Walkley
and Black), 36 mg kg−1 of N-NO3

− (Kjeldahl), 62 mg kg−1 of P (Bray), 28 mg kg−1 of K,
207 mg kg−1 of Ca, and 119 mg kg−1 of Mg (ammonium acetate pH 7.0).

2.2. Experiment Design and Treatments

The experiment was conducted using a split-plot design with the MD-2 pineapple
cultivar. The main plot consisted of two shade net conditions. In the first condition, black
shade netting with 70% shading was installed 45 days after planting (dap), and in the
second condition, black shade netting with 70% shading was installed at 250 dap. In the
sub-plots, five fertigation treatments were applied. These treatments included (1) a control
(water application only), (2) conventional chemical fertilization at 100% (F100), as shown in
Table 1, (3) reduced conventional chemical fertilization at 50% (F50), (4) organic fertilization
(vermicompost incorporated prior to planting + NUTRIPRO® Forte + NUTRIPRO® Xtra-
ALGA, Ultraquimia Group, Morelos, Mexico; O), and (5) a combination of 50% chemical
fertilization and organic fertilization (F50 + O). Conventional fertilization in this experiment



Agronomy 2024, 14, 1027 3 of 13

was based on a recommendation by Uriza-Ávila et al. [28]. The plot consisted of 210 plants
for each shade net condition and 42 plants in each sub-plot (fertilization treatment). This
gives us a total of 420 plants in the experiment.
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Figure 1. Temperature and precipitation during the experiment.

Table 1. Amount of nutrients applied to the F100 treatment (kg ha−1) through drip irrigation.

Days after Planting N P2O5 K2O CaO MgO SO4
2−

45 32.53 13.68 45.26 13.68 7.58 4.74
60 32.47 16.05 0.00 13.68 7.58 0.00
75 32.47 16.05 0.00 13.68 7.58 0.00
90 56.58 13.68 55.26 27.37 15.16 0.00

105 56.58 13.68 55.26 27.37 15.16 0.00
120 39.89 16.05 59.47 27.37 15.16 17.05
135 80.03 13.68 111.26 34.21 21.05 4.74
150 39.89 16.05 59.47 27.37 15.16 17.05
165 39.89 16.05 59.47 27.37 15.16 17.05
180 29.92 13.68 65.79 6.84 8.42 14.21
195 23.87 6.84 29.21 10.26 8.42 11.58
210 25.13 6.84 31.05 13.68 8.42 10.16
225 22.16 4.11 28.21 10.26 8.42 13.95
255 24.13 6.84 30.00 13.68 8.42 13.95
270 24.13 6.84 30.00 13.68 8.42 13.95
300 25.53 6.84 42.37 6.84 4.21 12.89
330 25.53 6.84 42.37 6.84 4.21 12.89
360 25.53 6.84 42.37 6.84 4.21 12.89

Grand total 636.26 200.64 786.82 301.02 182.74 177.1

The experiment was established in ridges of 40 cm width with a spacing of 70 cm
between ridges. Vermicompost (10 t ha−1 applied only to treatments O and F50 + O)
was incorporated on top of the ridges, and Toro® drip tape (self-compensating dripper,
6000-gauge, 16 mm diameter, emitter spacing every 30 cm, The Toro Company, Bloom-
ington, MN, United States) was installed. Subsequently, silver/black plastic mulch with
a gauge of 90 was placed on each ridge, with the black side facing down and the silver
side facing up. On 30 August 2019, planting was carried out on both sides of the ridge,
leaving a 20 cm spacing between rows and 30 cm between plants. Plants were pruned
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before planting to an approximate height of 30 cm. The planting density was 60,000 plants
per hectare. Ten days after planting, Rootex® (a combination of phytohormones, amino
acids, organic acids, and nutrients) was applied at a rate of 2 kg ha−1 to promote root
growth. Weed control was performed manually, and other management practices were
based on local agronomic practices.

2.3. Sources of Applied Fertilizers

The vermicompost applied in this study was locally produced. It contained 16.7%
organic matter, 9.7% organic carbon (calcination method), and 0.57% N (Dumas method).
Additionally, it contained 0.35, 0.24, 0.81, and 0.29% P, K, Ca, and Mg, respectively (deter-
mined by microwave digestion/ICP). The pH level was 6.4. The sources of liquid organic
fertilizer were NUTRIPRO® Forte (1.7% N, 0.98% P, 1.8% K, and 3.24% organic matter) and
NUTRIPRO® Xtra-ALGA (1.12% N, 0.82% P, 5.66% K, and 1.22% total amino acids) at a con-
centration of 1 mL L−1 each. These organic fertilizers provided 91 kg ha−1 of N, 58 kg ha−1

of P, and 240 kg ha−1 of K to treatments O and F50 + O. Conventional chemical fertilizer
doses were formulated using urea, calcium nitrate, magnesium nitrate, potassium nitrate,
magnesium sulfate, potassium sulfate, and monopotassium phosphate. Additionally, five
micronutrient applications were carried out 90, 105, 180, 255, and 300 days after planting
(dap) using Ultrasol® MicroMix (Fe-EDTA 7.5%, Mn-EDTA 3.7%, B 0.4%, Zn-EDTA 0.6%,
Cu-EDTA 0.3%, and Mo 0.2%) at a concentration of 0.1 g L−1. Throughout the experiment,
the fertilization treatments were applied 18 times, with an application volume of 125 L per
fertilization treatment in each irrigation. This volume is sufficient to wet a depth of 40 cm,
where most of the roots are located.

2.4. Floral Induction

Floral induction (from 245 dap) was carried out based on the methodology described
by Bonomo et al. [23]. Briefly, the water pH was adjusted to 9.0 with NaOH. Then, Ethrel®

(2-chloroethyl phosphonic acid) was prepared at a dose of 1.5 mL L−1, mixed with 1.3 g L−1

of urea and ice, and applied directly to the plant’s apex (50 mL) using a manual sprayer
during the cooler morning hours on 1, 3 and 5 May 2020.

2.5. Measured Parameters

At 180 dap, the number of leaves and the length and width of leaf D were measured
for twenty plants from each treatment. The D leaf is the tallest; it has non-chlorophyll tissue
and is easy to detach. It is used as an index of plant growth and nutritional status. It is
identified by grouping the tallest leaves and then selecting the one that stands out from the
others [5]. Additionally, leaf area was calculated using the length and width of leaf D with
the regression equation determined by Dos Santos et al. [29]. At 450 dap, the fresh weight
was measured for three plants from each treatment using an electronic scale (Rhino® model
BAPRE-3, RHINO, Mexico city, Mexico). The yield per plant was determined from the
average weight of 42 fruits from each treatment.

Malic acid determination was carried out according to the methodology of Gómez-
Herrera et al. [30] at 210 dap. At dusk (6 pm), three leaf D samples from each treatment
were collected, and the cellular content was extracted by grinding 3 g with 20 mL of
distilled water in a mortar. The extract was then centrifuged at 1000 rpm for 5 min at
room temperature (Science Med®, DM0412S, Science-Med Laboratory Instruments Limited,
Helsinki, Finland). The supernatant was adjusted to 30 mL with distilled water and
titrated with 0.1 N NaOH until a persistent pink coloration was obtained. The results were
expressed in mg of malic acid/100 g of leaf fresh weight.

To measure the ions (nitrate, potassium, and calcium) and total soluble solids, three leaf
D samples and three fruits from each treatment were used. Subsequently, approximately
0.5 cm of the basal part of leaf D (white tissue) was cut [5], and then 1 mL of sap was
extracted using a manual hydraulic press [31], while 1 mL of juice was manually extracted
from ripe fruits (88–100% yellow peel). The ions were then measured using LAQUAtwin®
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portable meters (Horiba, Kyoto, Japan), previously calibrated with the manufacturer’s
solution. Total soluble solids were measured with a digital refractometer (HI 96801 Hanna
Instruments®, Woonsocket, RI, USA). Additionally, 10 mL of fruit juice was extracted, and
the pH was measured using a digital pH meter (HI 98130 Hanna Instruments®, Woonsocket,
RI, USA). Subsequently, the titratable acidity of the fruits was determined with 0.1 N
sodium hydroxide until a persistent pink coloration was obtained [32], and the results were
expressed as a percentage of citric acid.

2.6. Statistical Analysis

A two-way analysis of variance (ANOVA) and Fisher’s LSD mean comparison test
(p ≤ 0.05) were applied to all evaluated variables. Statistical analyses were conducted using
the INFOSTAT statistical software, version 2020.

3. Results
3.1. Leaf D Growth, Biomass, and Yield

Both shade net conditions and fertilization treatments had a significant effect on leaf D
growth, plant fresh biomass, and yield (Table 2). Concerning the shade net conditions, the
shade net installed at 45 days after planting (dap) significantly reduced the leaf D width,
leaf number, leaf area, plant fresh weight, and yield (by 16, 15, 8, 41, and 20%, respectively).
Conversely, it increased the leaf D length by 15%. This clearly shows that the leaves
shaded at 45 dap were etiolated. Regarding fertilization, both 100% chemical fertilization
(F100) and the combination of 50% chemical fertilization and organic fertilization (F50 + O)
significantly increased the leaf D length and width, leaf number, leaf area, plant fresh
weight, and pineapple yield compared to simple 50% chemical fertilization (F50), simple
organic fertilization (O), and the control (Table 2).

Table 2. Effects of fertilization treatments and shade netting on pineapple growth, biomass, and yield.

Leaf D Length
(cm)

Leaf D Width
(cm)

Number of
Leaves

Leaf D Leaf
Area (cm2)

Plant Fresh
Weight (g)

Yield per Plant
(g)

Shade Netting (SN)
250 dap 74.5 b 6.27 a 34.0 a 470 a 3049 a 1881 a
45 dap 86.0 a 5.27 b 28.7 b 430 b 1784 b 1504 b

Fertilization (F)
Control 72.9 d 4.76 c 22.0 e 353 c 1976 cd 1439 d

O 72.3 d 4.86 c 26.5 d 358 c 1737 d 1564 c
F50 79.5 c 5.93 b 33.5 c 459 b 2658 b 1719 b

F50 + O 85.7 b 6.66 a 36.0 b 531 a 2403 bc 1841 a
F100 91.0 a 6.65 a 38.8 a 547 a 3303 a 1900 a

ANOVA significance
SN *** *** *** *** *** ***
F *** *** *** *** ** ***

SN × F *** *** *** *** * **

* p < 0.05; ** p < 0.01; and *** p < 0.001. dap: days after planting; O: organic. F50: fertilization at 50%. F50 + O:
fertilization at 50% and organic. F100: fertilization at 100%. Different lowercase letters between columns indicate
a significant difference according to the Fisher LSD test (p ≤ 0.05).

As shown in Table 2, the interaction between the fertilization treatments and the two
shade net conditions had a significant effect on the leaf D growth, plant fresh biomass,
and yield. Compared to the control and simple organic fertilization, treatments F100 and
F50 + O increased in terms of the leaf D width, leaf area, leaf number, and yield per plant
under both shade net conditions (45 and 250 dap), as shown in Figure 2B, Figure 2C,
Figure 2D, and Figure 2F, respectively. Additionally, treatment F100 increased the leaf D
length (Figure 2A) and plant fresh weight (Figure 2E) under both shade net conditions,
while treatment F50 + O only increased the leaf length when the shade net was installed at
250 dap.
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3.2. Malic Acid, Total Soluble Solids, and Nutrients in the Leaves

The shade net conditions and fertilization treatments significantly modified the malic
acid content, total soluble solids, and leaf D nutrients (Table 3). Regarding the shade netting,
the shade net installed at 45 dap showed a higher malic acid content (424%) and a lower
total soluble solids content (24%). Conversely, the shade net installed at 250 dap increased
the nitrate and calcium contents (85 and 56%, respectively). Potassium was not affected by
the shade net conditions. As for fertilization, treatments F100 and F50 + O increased the
malic acid content compared to treatments F50 and O and the control; these treatments also
showed a higher potassium content than the control. Additionally, treatment F100 showed
higher nitrate values than treatment O and the control.

In terms of interaction, significant differences were only observed for malic acid and
calcium (Table 3). Treatments F100 and F50 + O showed the highest values of malic acid
when the shade net was placed at 250 dap; whereas when the shade net was installed
at 45 dap, they did not show significant differences (Figure 3A). Regarding the calcium
content, the control exhibited the highest value compared to treatment O at 250 dap and
compared to treatments F5O and F100 at 45 dap, as shown in Figure 3B.
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Table 3. Effects of fertilization treatments and shade netting on malic acid, total soluble solids, and
nutrients in leaf D.

Malic Acid
(mg/100 g FW)

Total Soluble
Solids (◦Brix)

N-NO3
−

(mg L−1)
K+

(mg L−1)
Ca2+

(mg L−1)

Shade Net (SN)
250 dap 1.25 b 1.75 a 2376 a 1177 310 a
45 dap 6.56 a 1.33 b 1284 b 1068 198 b

Fertilization (F)
Control 3.31 c 1.42 1421 b 711 b 331

O 4.36 b 1.43 1366 b 1013 ab 243
F50 0.97 d 1.53 1983 ab 1140 ab 243

F50 + O 5.25 a 1.47 1980 ab 1283 a 246
F100 5.62 a 1.83 2400 a 1466 a 206

ANOVA significance
SN *** ** *** ns ***
F *** ns ** * ns

SN × F *** ns ns ns *

ns p > 0.05; * p < 0.05; ** p < 0.01; and *** p < 0.001. dap: days after planting; O: organic. F50: fertilization at 50%.
F50 + O: fertilization at 50% and organic. F100: fertilization at 100%. Different lowercase letters between columns
indicate a significant difference according to the Fisher LSD test (p ≤ 0.05).
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Figure 3. Interaction effect between fertilization and shade net conditions on malic acid (A) and
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3.3. Nutrients, pH, Titratable Acidity, and Total Soluble Solids in the Fruits

The shade net conditions and fertilization treatments showed significant differences in
terms of the nutrients, pH, titratable acidity, and total soluble solids of the fruits (Table 4).
Regarding shade net conditions, the shade net installed at 250 dap increased the nitrate
and potassium contents, as well as the pH and titratable acidity of the fruits (11, 9, 10, and
29%, respectively). In contrast, the shade net installed at 45 dap increased the calcium
content and total soluble solids content of the fruits (35% and 4%, respectively). Concerning
fertilization, treatments F50 + O and F100 increased the nitrate and potassium contents of
the fruits compared to the control. Conversely, treatments F50 + O and F100 showed the
lowest percentage of titratable acidity compared to treatment F50 and the control. However,
treatment F100 showed higher values of total soluble solids than F50 + O. On the other hand,
the control showed the highest values of calcium and pH compared to the other treatments.

Regarding interaction, the control and organic treatment exhibited the highest values
of calcium when the shade net was installed at 45 dap (Figure 4A). Conversely, treatment
F100 showed the lowest values of pH and titratable acidity (Figure 4B,C) under both shade
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net conditions and presented the highest value of total soluble solids (Figure 4D) when the
shade net was installed at 250 dap.

Table 4. Effects of fertilization treatments and shade netting on nutrients and fruit quality of pineapple.

N-NO3
−

(mg L−1)
K+

(mg L−1)
Ca2+

(mg L−1)
pH Titratable Acidity

(% Citric Acid)
Total Soluble
Solids (◦Brix)

Shade Net (SN)
250 dap 145 a 1037 a 18.4 b 3.63 a 1.37 a 14.8 b
45 dap 130 b 948 b 24.8 a 3.53 b 1.06 b 15.5 a

Fertilization (F)
Control 96 c 701 d 39.5 a 3.94 a 1.34 b 15.2 abc

O 141 b 880 c 29.5 b 3.92 ab 1.09 c 15.5 ab
F50 158 a 1028 b 16.7 c 3.79 c 1.52 a 14.8 bc

F50 + O 158 a 1255 a 11.0 d 3.84 bc 1.08 c 14.6 c
F100 134 b 1097 b 11.5 d 2.42 d 1.02 c 15.5 a

ANOVA significance
SN ** * *** *** *** **
F *** *** *** *** *** *

SN × F ns ns *** ** *** **

ns p > 0.05; * p < 0.05; ** p < 0.01; and *** p < 0.001. dap: days after planting; O: organic. F50: fertilization at 50%.
F50 + O: fertilization at 50% and organic. F100: fertilization at 100%. Different lowercase letters between columns
indicate a significant difference according to the Fisher LSD test (p ≤ 0.05).
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4. Discussion

The use of shade netting in pineapple cultivation to protect fruits from sunburn due to
high radiation and improve yield has been reported [19–21]. However, there are few studies
reporting on the effect of shading or a lack of light [33] from planting to harvest. This
research demonstrated that shade netting installed at 45 days after planting (dap) resulted
in a decrease in pineapple growth and yield, as well as a reduction in total soluble solids,
nitrate, and calcium in leaf sap. Pineapple is a bromeliad with constitutive crassulacean
acid metabolism (CAM), where malate is the most important anion for carbon fixation [34].
During the night, when the stomata open, the phosphoenolpyruvate carboxylase enzyme
carboxylates phosphoenolpyruvate into oxaloacetate (OAA); then, OAA is reduced to
malate-by-malate dehydrogenase enzymes, accumulating in the vacuole as malic acid.
During the day, malic acid moves to the cytoplasm and is decarboxylated by malic enzymes
or phosphoenolpyruvate carboxykinase enzymes, and CO2 is mostly converted to hexoses
through the Calvin cycle or gluconeogenesis pathway [34,35]. However, under favorable
environmental conditions such as a suitable temperature, humidity (both soil and air), and
light intensity, pineapple can easily switch its metabolism to facultative C3/CAM [36,37].
Light intensity is a determining factor, as demonstrated when the pineapple plants were
subjected to the C3 (40 µmol m−2 s−1) or CAM (260 µmol m−2 s−1) conditions; the C3
plants showed a lower leaf thickness, leaf area, fresh and dry weight, net photosynthesis
rate, and sucrose content [33], which is consistent with our results. We propose that the
shade net placed at an early age (45 dap) reduced light intensity, leading to a modification
of constitutive metabolism to facultative and consequently reducing growth and yield.
Additionally, the plants under shade net conditions at 45 dap showed higher malic acid
content at sunset, which may be attributed to a small portion of the CO2 taken in during the
day being stored as malic acid in the vacuole due to facultative C3/CAM metabolism [37].

In pineapple cultivation, the combination of organic fertilizers with chemical fertilizers
is a promising strategy for reducing the use of chemical fertilizers. In this study, it has been
demonstrated that the combination of 50% chemical fertilization and organic fertilization
(F50 + O), as well as 100% chemical fertilization (F100), outperformed 50% chemical fertil-
ization (F50), organic fertilization (O), and the control in terms of the growth (length and
width of D leaf, leaf area, and number of leaves) and yield of the MD-2 pineapple cultivar
(Table 2). When analyzing the interaction with shade netting, it is observed that these
treatments (F100 and F50 + O) maintain the same trend under both shade net conditions
(Figure 2). This finding suggests that incorporating vermicompost into the soil before
planting and applying organic fertilizers through drip irrigation can reduce the need for
applying 50% chemical fertilizers without negatively affecting pineapple growth and yield.
These effects can be attributed to the high availability of nutrients, organic matter, organic
carbon, and humic acids, as well as the presence of growth regulators such as cytokinins
and auxins in the vermicompost [38]. Another plausible explanation is that both inorganic
and organic fertilizers were applied through drip irrigation, considered the most efficient
method for nutrient application in crops [39], and pineapple cultivation is no exception [23].
Similar results to ours have been reported by Darnaudery et al. [12], who demonstrated
that integrated fertilization, including green manure and chemical fertilization, produced
pineapple fruit weights comparable to conventional fertilization, while simple organic
fertilization showed the lowest fruit weights. Other studies also indicate that the partial
substitution of traditional chemical fertilization (20% of N) with organic fertilization in-
creases pineapple yield compared to conventional fertilization [13,16,17]. Additionally,
Mahmud et al. [11] reported that the number of leaves and the length and width of the D
leaf were similar with the individual application of vermicompost or chemical fertilizer,
but chemical fertilization showed a higher yield than organic fertilization.

In this research, it was also demonstrated that treatments F100 and F50 + O showed
similar values of nitrate and potassium in the sap of leaf D (Table 3). This evidence indicates
that two essential nutrients (N and K), required in large quantities by pineapple crops, were
not negatively affected by the combination of chemical and organic fertilization. Therefore,
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the joint use of chemical and organic fertilizers emerges as a promising option in pineapple
cultivation, as organic fertilization increases carbon and nitrogen content, thus improving
soil fertility and supplying nutrients (N and K) at the precise moment for absorption by the
plant [40]. This finding aligns with that of Rothé et al. [15], who conclude that composted
fertilizers, combined with green manure, create adequate synchronization between nitro-
gen release and pineapple plant absorption during the vegetative phase. Additionally, Jin
et al. [16] point out that the combination of inorganic and organic fertilization improves
the availability of nitrate and potassium in soils intended for pineapple cultivation. Like-
wise, Cai et al. [13] demonstrated that replacing 20% of conventional N with an organic
fertilizer (sheep manure) increased N absorption in pineapple plants. In other crops, such
as sunflower [41], maize [42], and rice [43], it has been proven that the partial substitution
of chemical fertilizers with organic fertilizers enhances the soil structure and available
nitrogen, leading to higher crop yields.

Something peculiar happened with calcium, as the interaction analysis showed that
treatments F100 and F50 significantly decreased the calcium content in the D leaves of the
plants under shade netting at 45 dap (Figure 3). Similarly, in the fruits, treatments F100
and F50 + O significantly reduced the calcium content compared to the control under both
shade net conditions (Figure 4). This could be attributed to the high rates of application
of NPK chemical fertilizers, which reduced the availability of calcium ions in the soil, as
demonstrated by Wan et al. [44] in ferric acrisol and fluvic cambisol soils. However, this
reduction in calcium in leaves and fruits (F100 and F50 + O) did not negatively affect the
pineapple yield.

Regarding malic acid in leaf D, it was observed that treatments F100 and F50 + O
showed the highest values compared to treatments F50 and O and the control (Table 3).
Additionally, the interaction analysis revealed that these treatments maintained this trend
when the shade net was installed at 45 dap. As mentioned earlier, malate is the most
important anion for carbon fixation in constitutive CAM metabolism [34]. Therefore,
the accumulation of malic acid in the vacuoles of leaf D was not negatively affected by
the combination of inorganic and organic fertilizers, as they presented similar values to
conventional fertilization. This allowed for promoting better growth and yield in pineapple
cultivation.

Concerning fruit, the combination of chemical and organic fertilization increased the
nitrate and potassium content in the fruits compared to F100, although both treatments
were superior to the control. This demonstrates that there was good transportation of nitrate
and potassium from the leaves (source) to the fruits (sink). Nitrogen and potassium play an
important role in the quality of pineapple fruits, as they regulate the formation of sugars
and organic acids [45]. Additionally, it was shown that the F100 treatment had a higher
total soluble solids content than the F50 + O treatment; the same trend occurred when the
shade net was placed 45 days after planting. This is likely due to the amount of potassium
contained in the F100 treatment, which aligns with what other authors have reported, that
as the dose of potassium fertilization increases, the total soluble solids also increase [45,46].
However, the F100 treatment showed similar values of soluble solids to the control, which
coincides with the results reported by other authors [11,12]. It is worth noting that the
soluble solids values presented by the fruits of the different evaluated treatments are within
the minimum required (12 ◦Brix) by the CODEX ALIMENTARIUS [47]. Unlike other
studies that report that as the pH decreases, the titratable acidity of the fruit increases, or
vice versa [48,49], here we report that treatments F100 and F50 + O showed a decrease in
both the pH and titratable acidity of the fruits under both shade net conditions, which
could be attributed to the high availability of nitrogen included in the treatments. These
results are consistent with another study, where they reported that as the rate of nitrogen
fertilization in pineapple cultivation increases, the titratable acidity (% citric acid) of the
fruits decreases, attributing it to a dilution of the cellular content due to the increase in
fruit biomass [45]. Another hypothetical explanation is that the enzymes aconitase [50]
and glutamate decarboxylase [51] probably showed higher activity than the enzyme citrate
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synthase; these enzymes have been reported to be responsible for the degradation of citrate
in pineapple fruits.

In addition to the positive benefits evidenced in this study regarding growth and yield,
the partial substitution of inorganic fertilizers with organic ones can lead to an increase in
economic benefits for pineapple producers, as demonstrated in other research [11,13]. This
strategy also contributes to reducing greenhouse gas emissions into the environment [13].
However, it is important to consider the high application rate and elevated unit price of
organic fertilizers, such as vermicompost [11]. This could result in increased costs. Nev-
ertheless, this aspect could improve with the future development of the organic fertilizer
industry and production technology.

5. Conclusions

The installation of shade netting 45 days after planting had a negative impact on both
growth and yield, so installing shade netting at that stage of pineapple cultivation is not
recommended. The combination of 50% chemical fertilization with organic fertilization
(F50 + O) showed similar growth and yield values in the MD-2 pineapple cultivar compared
to 100% chemical fertilization under both shade net conditions. This finding suggests that
the application of organic fertilizers in combination with chemical fertilizers through
drip irrigation can be an effective strategy for reducing dependence on conventional
chemical fertilization without compromising yield. Furthermore, the incorporation of
organic fertilizers (vermicompost) can improve soil fertility, which is important in areas
characterized by pineapple monocultures. These results offer valuable insights and will
serve as a reference point for future research related to the combination of chemical and
organic fertilizers in pineapple production.
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