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A B S T R A C T   

Acid-sulfate soils and overuse of chemical fertilizers have been obstacles to sustainable agriculture. The variation of fertilization due to poor soil 
fertility has remarkably affected the yield gap and the quality of the environment, so an optimal fertilizing rate should be formulated. Therefore, this 
study aimed at (i) detecting obstacles in soil characteristics reducing pineapple yield between farms and (ii) assessing the effects of NPKCaMg 
fertilizers on soil fertility, uptakes, and pineapple yield. The on-farm experiment was carried out according to site-specific nutrient management 
(SSNM) arranging in acid-sulfate soil for pineapple, including (i) no fertilizers used; (ii) NPKCaMg: fully fertilizing with nitrogen (N), phosphorus 
(P), potassium (K), calcium (Ca), and magnesium (Mg); (ii) PKCaMg: fertilizing without N; (iii) NKCaMg: fertilizing without P; (iv) NPCaMg: 
fertilizing without K; (v) NPKMg: fertilizing without Ca; (vi) NPKCa: fertilizing without Mg; and (vii) FFP: farmers’ fertilizing practice. The result of 
the principal component analysis revealed that the soil had low availability of N, P, and K nutrients. Available P concentration was negatively 
correlated with concentrations of Al3+, Fe2+, and total Mn, whose correlation coefficients were − 0.34 to − 0.59, − 0.52 to − 0.74, and − 0.63 to 
− 0.70, respectively. Fertilizing NPKCaMg obtained the highest result in the uptakes of N, P, K, Ca, and Mg, which were 289.1–327.4, 25.4–29.3, 
137.4–166.0, 41.9–48.9, and 39.8–43.1 kg ha− 1, respectively. Fertilizing by SSNM has increased pineapple yield by 22.9 %–44.9 % compared to the 
FFP. This fertilizer formula should be transferred to the local farmers in order not only to enhance productivity, but also to limit the damage of 
chemical fertilizers on the environment. Moreover, this formula should be tested globally in other places that share similar soil characteristics.   

1. Introduction 

Pineapple fruit is rich in minerals such as calcium (Ca), phosphorous (P), iron (Fe), copper (Cu), and potassium (K) and many 
essential vitamins such as A, B1, B2, and C [1]. In its juice, there is bromelain which can hydrolyze protein, stimulating good digestion 
in the intestine [2]. Areas of pineapple cultivation in Asia up to 2020 have been 437,571 ha, while those in Vietnam reached 38,554 ha 
[3] and mainly located in the Mekong Delta, e.g., Hau Giang [4]. On the other hand, pineapple farmers have encountered risks due to 
low soil fertility and high concentrations of Al3+ and Fe2+ toxicities in acid-sulfate soil (ASS), inhibiting plant growth [5]. Low soil 
nutrients and high toxins such as Al3+ and Fe2+ are common issues in acid-sulfate soil in Vietnam [6]. This type of soil is usually found 
in coastal wetlands and agricultural land and contains large amounts of organic matter which can emit greenhouse gases [7]. 
Acid-sulfate soil can be seen globally, especially in low-lying areas [7], which are similar to the geographical characteristics of the 
Mekong Delta, in Vietnam. Therefore, the majority of the area here is ASS [8]. Meanwhile, pineapple is one of the most popular crops 
that are grown in ASS in Vietnam [9], because of its fairly adaptability to the conditions of ASS [8]. However, ASS can cause damage to 
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agriculture when oxidized [10]. The oxidation of ASS can decrease soil pH below 4.0 [11], which is undesirable for the growth of crops. 
In the other word, low pH decreases the nutrient availability [12]. Some other approaches have been made to fix this, such as using 
biocompost and biochar [13], adjusting plant density [14,15], using organic fertilizer [16], and using plant growth substances [15]. 
However, the common point of these studies is that the role of chemical fertilizers is still undeniable, i.e., chemical fertilizers were still 
used to maintain the yield of pineapple, while these approaches can be considered as amendments. In the meantime, the use of sewage 
sludge and wastewater to replace chemical fertilizer on pineapple may contain contaminants and some biological risks [17]. In 
addition, Mahmud et al. [18] claimed that the use of both vermicompost (an organic fertilizer) and the chemical fertilizer should be 
together for the maximum pineapple performance. Moreover, using chemical fertilizers is a well-known approach to provide nutrients 
for the pineapple to reach its high yield [19], but plant demands cannot be met by fertilizers since they can leak or run off [20]. 
However, fertilization over the recommended dose leads to nutrition imbalance, negatively affecting the environment and exhausting 
greenhouse gases [19]. Furthermore, the cultivation and fertilization techniques of farmers are mainly based on their own experience, 
which is one of the causes of the high yield gap between farms. Therefore, site-specific nutrient management (SSNM) has been known 
as a solution for this issue. Hence, applying SSNM boosts the efficiencies of fertilizers, cuts down environmental pollution, enlarges 
profits, and lessens yield gaps between farms in the same region [21]. The SSNM approach has been widely used in several types of 
fruits, like mandarin, and has been applied in divergent countries worldwide [22]. The SSNM has also been applied to rice, maize, and 
cassava production systems [23]. In ASS, recently, the SSNM has been only applied to rice [24], it has not been utilized to reduce yield 
gaps between pineapple farms in ASS until now. Furthermore, the factors underlying the yield differences have not been identified 
neither [25]. Moreover, because the cost of fertilizers is relatively high in Vietnam, a minimum use of chemical fertilizers for the 
maximum yield of pineapples is required. Therefore, this study was carried out in order to (i) find out soil characteristics restricting 
pineapple yield between pineapple farms and (ii) evaluate the influences of chemical fertilization on soil properties, nutrient uptakes, 
and pineapple yield. 

2. Materials and methods 

2.1. Materials 

Place and time: The experiment was arranged in Tan Tien commune, Vi Thanh city, and Vinh Vien commune, Long My district, Hau 
Giang province, Vietnam, from November 2020 to June 2022. The climatic conditions in the field were recorded as mean temperature 
(34 ◦C), moisture (54 %), and rainfall (1800 mm/year). 

Pineapple cultivar: The Queen cultivar (Ananas comosus [Linn.] Merr.) was propagated from the lateral shoots. 
Fertilizers: They comprised urea, which had 46 % nitrogen; superphosphate, which encompassed 16 % P2O5 and 20 % CaO; po-

tassium chloride, which harbored 60 % K2O; and lime powder, which embodied 50 % CaO; and MgO fertilizer, which encompassed 90 

Fig. 1. Locations of the 12 experimental farms in Vi Thanh city and Long My district.  
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% MgO. However, the diammonium phosphate (DAP) fertilizer, with 18 % N and 46 % P2O5, was exclusively employed in the 
treatment lacking the Ca nutrient but required the P nutrient. 

2.2. Methods 

Experimental design: The experiment was conducted following a completely randomized block design on 12 farms (Fig. 1). The 
treatments in each farm were as follows: (i) no fertilizer; (ii) NPKCaMg: fully fertilizing with nitrogen (N), P, K, Ca, and magnesium 
(Mg) fertilizers; (ii) PKCaMg: fertilizing without N fertilizer; (iii) NKCaMg: fertilizing without P fertilizer; (iv) NPCaMg: fertilizing 
without K fertilizer; (v) NPKMg: fertilizing without Ca fertilizer; (vi) NPKCa: fertilizing without Mg fertilizer; and (vii) farmer’s 
fertilization practice FFP. Four replications were applied to each treatment. Each experimental plot was 25 m2 (5 × 5 m) area. The 
pineapple cultivation was performed according to the study by Be and Hoa [26] in 6 months. The Mekong Delta has a 6:4 bed-to-ditch 
ratio for pineapple growing. When being a seedling, the plant should be irrigated 2–3 times a week. Once the plant has developed, the 
irrigation should be once a week. 

Pineapple fertilizer formula: The formula following SSNM was 290 N-261 P2O5-232 K2O-1160 CaO-580 MgO kg ha− 1 (our pre-
liminary work), and the one following FFP was 834 N–474 P2O5 – 105 K2O kg ha− 1. The fertilization followed the study by Be and Hoa 
[26] with modifications. It was divided into 5 times of fertilization separating each month. In the first time, 12.3 %N, 29.2 % P, 12.3 % 
K, 50 % Ca, and 50 % Mg were applied. In the second time, 17.7 % N, 17.7 % P, 17.7 % K, 50 % Ca, and 50 % Mg were managed. In the 
third time, 30 % N, 17.7 % P, and 20 % K were handled. In the fourth time, the application rate was 20 % N, 17.7 % P, and 20 % K. 
Finally, the final fertilization was 20 % N, 17.7 % P, and 30 % K. This regime was executed in every fertilizer formula. 

Soil chemical characteristics at the beginning and the end of the crop: Soil samples were collected at a depth of 0–20 cm both before 
planting and after harvesting. The soil was left to dry naturally before being milled via a 0.5 and 2.0 mm sieve. All the properties were 
analyzed according to the method of Sparks et al. [27]. The soils pHH2O and EC were measured at a soil-to-distilled water ratio (1: 2.5) 
by a pH meter. The soil pHKCl was estimated at a soil-to-1.0 M KCl ratio (1: 2.5) by a pH meter. The total N content was measured by the 
Kjeldahl digestion method. The soil NH4

+ concentration was extracted by 2.0 M KCl, indicated in color by a mixture of sodium 
nitroprusside, sodium salicylate, sodium citrate, sodium tartrate, sodium hydroxide, and sodium hypochlorite and detected at 650 nm 
in wavelength. The NO3

− concentration was obtained by 2.0 M KCl, shown by a mixture of 0.5 M HCl, vanadium (III) chloride, sul-
fanilamide, and N-(1-naphthyl) ethylenediamine dihydrochloride and detected at the 540 nm in wavelength. The total P content was 
derived from the perchloric acid and nitric acid mixture and calculated by the ascorbic acid method in a spectrophotometer at a 
wavelength of 880 nm. The Bray II method was adopted to determine the available P. Fractions of inorganic P were extricated by 0.5 M 
NH4F, 0.1 M NaOH, and 0.25 M H2SO4 for Al–P, Fe–P, and Ca–P compounds at 880 nm in wavelength. Total acidity was obtained with 
1.0 M KCl and titrated with 0.01 N NaOH. To determine the exchangeable Al3+, the soil was derived from 1.0 M KCl and measured by a 
spectrometer at 395 nm in wavelength. Fe2+ was extricated with H4EDTA and Na2S2O4 and estimated by a spectrometer at 248.3 nm in 
wavelength. Organic matter was determined by the method of Walkley-Black, where the soil was oxidized by saturated 
H2SO4–K2Cr2O7 before being titrated with 0.5 N FeSO4. Cation exchange capacity (CEC) was elicited with 0.025 M BaCl2 and 0.02 M 
MgSO4 and titrated with 0.01 M EDTA. K+, Na+, Ca2+, and Mg2+ concentrations in the CEC extract were measured by an atomic 
absorption spectrometer at 766, 589, 422.7, and 285.2 nm in wavelengths, respectively. 

Principal component analysis (PCA): Because the soil had too many influencing components, PCA was adopted to cut down the 
number of dependent variables into a smaller group of basic ones based on a correlation model, entailing the first principal component 
(PC1) and the second component (PC2) [28]. Thereby, the importance of each influencing soil component and its relationships with 
others would be revealed. The PCA was calculated by the XLSTAT software. 

Pineapple growth: In total, 20 pineapple plants in a test plot were randomly selected to estimate growth parameters at harvest [29]. 
Plant height (cm) was measured vertically from the growth to the peak of the highest leaf. The number of leaves per plant was derived 
from total counting from the highest A-leaf. The D-leaf length (cm) was measured between both ends of a D-leaf, and the D-leaf width 
(cm) was measured at the position with the widest diameter. The stem length (cm) was measured between both ends of a pineapple, 
and the stem diameter (cm) was the mean derived from the diameter at the top, the middle, and the bottom of a stem. The peduncle 
length (cm) was measured between both ends of a peduncle, and the peduncle diameter (cm) was the mean calculated from the 
diameter at the top, the middle, and the bottom of a peduncle. The crown length (cm) was measured from the top of the peduncle to the 
peak of the crown, and the crown diameter (cm) was measured as the width of a crown. 

Yield components and yield of pineapple: The yield components were determined randomly on 20 pineapple fruits in a test plot at 
harvest [30]. Fruit length (cm) was assessed from the head to the bottom of each fruit, fruit diameter (cm) was the average value 
calculated from three positions (top, middle, and bottom), and fruit weight (kg) was weighed for each fruit. Pineapple yield (t ha− 1) 
was derived from the total weight of fruits in 5 m2 in each treatment and then converted into t ha− 1. 

Pineapple fruit quality: The fruit quality of pineapple fruit was analyzed on 20 random fruits in a test plot at the end of the crop. For 
the water content (mL), the fruits were peeled and squeezed for water to be quantified. Brix (%) and pH were determined in pineapple 
juice using a refractometer and a pH meter, respectively. Total acidity content was elicited from samples with water at a 1: 25 ratio and 
titrated with NaOH (0.01 N) [31]. Vitamin C content was adjusted using the method of the Association of Official Analytical Chemists 
(AOAC): samples were extorted with HCl and 1 % oxalic acid and titrated with 0.001 N 2,6 dichlorophenol indophenol (DIP) [32]. 
Colors (L*, a*, and b*) were marked using a color reader CR-20 at three positions on a fruit (top, middle, and bottom). 

Nutrient concentrations in parts of pineapple: From each treatment, five plants were randomly collected and dried at 70 ◦C for 72 h and 
then analyzed for concentrations of N, P, K, Ca, and Mg in the crown, core, shell, slip, peduncle, stem, and leaves according to the 
method of Houba et al. [33]. 
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Table 1 
Influences of specific-site nutrient management on chemical characteristics of acid sulfate soil for pineapple in Vi Thanh city and Long My district.  

Location Treatment pHH2O pHKCl Ntotal NH4
+ NO3

− Ptotal Pavailable Al–P Ca–P Fe–P EC OM CEC Na+ K+ Ca2+ Mg2+ Aciditytotal Al3+ Fetotal Fedissolved Fe2O3 Fe2+ Mntotal 

%N mg kg− 1 %P2O5 mg kg− 1 mS cm− 1 %C meq 100 g− 1 meq 100 g− 1 g kg− 1 mg kg− 1 % mg kg− 1 % 

VT No fertilizer 2.72 2.66 0.236 19.9b 13.4b 0.164 15.8b 42.5b 20.6c 71.43b 2.51 2.24 15.1 0.236 0.120b 0.79b 0.96c 22.4 11.6a 2.67 169.9a 2.45 127.5a 4.27a 

NPKCaMg 3.00 2.81 0.288 31.7a 23.5a 0.184 48.9a 105.3a 67.7a 195.5a 2.96 2.51 16.0 0.237 0.220a 2.12a 2.21a 19.5 7.91c 2.78 113.5bc 2.32 83.0b 2.96b 

PKCaMg 2.78 2.72 0.238 22.6b 13.5b 0.189 45.7a 99.0a 66.4a 190.9a 2.80 2.33 15.9 0.222 0.209a 2.10a 2.01a 19.1 8.50bc 2.66 117.1bc 2.25 94.9b 3.09b 

NKCaMg 2.75 2.67 0.271 31.1a 19.2a 0.165 20.8b 71.8b 33.3c 73.02b 2.76 2.42 15.7 0.241 0.218a 2.40a 1.95a 21.4 11.8a 2.78 155.5ab 2.20 126.3a 4.31a 

NPCaMg 2.87 2.70 0.285 32.6a 19.0a 0.187 49.4a 88.9ab 61.0ab 177.0a 2.91 2.26 16.2 0.229 0.128b 2.18a 2.05a 19.9 9.87b 2.43 138.7abc 2.28 86.2b 2.90b 

NPKMg 2.77 2.67 0.291 30.1a 19.1a 0.165 53.8a 98.1a 30.6c 168.1a 2.85 2.31 15.5 0.257 0.211a 1.04b 2.07a 20.9 8.85bc 2.58 135.0abc 2.37 88.6b 3.08b 

NPKCa 2.91 2.77 0.280 28.9a 22.1a 0.180 50.7a 97.0a 56.5ab 179.3a 2.90 2.53 16.2 0.232 0.221a 2.27a 1.28bc 19.6 8.75bc 2.62 110.1c 2.32 89.8b 2.98b 

FFP 2.89 2.68 0.246 30.1a 20.7a 0.174 49.4a 98.3a 51.9b 167.5a 2.86 2.37 15.7 0.217 0.201a 2.16a 1.60ab 18.0 9.44bc 2.73 130.5abc 2.51 101.2b 3.02b 

LM No fertilizer 2.95 2.86 0.254 26.9b 14.3c 0.159 21.9b 32.8c 12.2e 59.3c 2.30 5.37 15.5 0.231 0.131b 0.82d 0.82c 18.4 11.4a 2.08 158.5a 2.10 120.8a 3.78a 

NPKCaMg 3.15 3.05 0.272 41.0a 25.1a 0.180 52.5a 56.8a 48.8a 100.8b 2.57 5.73 16.7 0.209 0.229a 1.44abc 2.06a 17.1 9.12b 2.37 92.3c 2.20 64.6c 2.90b 

PKCaMg 3.22 3.08 0.246 29.1b 14.5c 0.183 45.2a 44.1b 45.9ab 115.9ab 2.46 5.47 15.7 0.220 0.224a 1.49ab 1.93a 17.6 8.65b 2.32 97.4c 2.24 67.2c 2.88b 

NKCaMg 2.97 2.88 0.272 35.7a 16.1bc 0.169 28.4b 34.2c 16.7e 62.4c 2.39 5.63 16.1 0.197 0.240a 1.64a 1.99a 18.3 11.6a 2.53 148.7ab 2.09 113.6a 3.80a 

NPCaMg 3.02 2.90 0.284 36.2a 16.5bc 0.170 41.9a 45.7b 39.3b 110.5b 2.40 5.47 16.0 0.162 0.138b 1.43abc 2.00a 17.9 8.52b 2.79 93.8c 2.17 75.9b 2.95b 

NPKMg 2.89 2.84 0.250 37.0a 18.8b 0.177 51.8a 51.1ab 24.1d 130.4a 2.56 5.54 15.6 0.229 0.205a 0.88d 1.93a 18.6 9.11b 2.24 105.7c 2.07 80.5b 2.85b 

NPKCa 3.04 2.97 0.267 38.5a 16.0bc 0.180 41.7a 47.5ab 44.2ab 106.1b 2.57 5.32 16.2 0.200 0.228a 1.27bc 1.32b 17.8 9.09b 2.40 100.3c 2.43 76.0b 2.94b 

FFP 3.16 3.01 0.249 37.0a 16.1bc 0.182 45.0a 46.5ab 31.1c 103.2b 2.41 5.24 16.3 0.215 0.216a 1.24c 1.64ab 17.6 9.90ab 2.11 118.3bc 2.04 90.4b 2.93b 

VT F ns ns ns * * ns * * * * ns ns ns ns * * * ns * ns * ns * * 
CV (%) 6.38 3.24 14.6 18.1 7.20 23.6 18.2 19.7 23.8 23.5 18.4 8.07 6.49 14.2 8.12 23.2 27.9 11.4 13.0 9.46 24.4 10.4 13.9 14.7 

LM F ns ns ns * * ns * * * * ns ns ns ns * * * ns * ns * ns * * 
CV (%) 8.25 5.16 9.85 11.7 14.8 8.15 24.7 18.8 13.7 13.9 22.3 6.53 8.10 18.1 13.8 13.4 19.5 6.00 16.7 16.9 27.4 9.46 23.8 10.4 

Note: VT: Vi Thanh city. LM: Long My district. In the same column, numbers followed by the same letters were different insignificantly from each other via Duncan post-hoc test.*: different at 5 % significance. 
Ns: not significant. NPKCaMg: full fertilization; PKCaMg: fertilization without nitrogen; NKCaMg: fertilization without phosphorous; NPCaMg: fertilization without potassium; NPKMg: fertilization without 
calcium; NPKCa: fertilization without magnesium; FFP: farmers’ fertilizing practice. CEC, EC, and OM stand for Cation Exchange Capacity, Electrical conductivity, and Organic Matter. 
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Soil-supplying abilities of N, P, K, Ca, and Mg: These were determined based on nutrient uptakes in corresponding omission treat-
ments [34]. In detail, N uptake was calculated by multiplying the biomass values in each part by the N concentrations in that part. Total 
N uptake was the sum of N uptakes in the crown, core, shell, slip, peduncle, stem, and leaves. Uptakes of P, K, Ca, and Mg followed 
similar calculations. 

Yield responses of plants to N, P, K, Ca, and Mg fertilizers: They were determined as differences in yield between the fully fertilized plot 
with NPKCaMg fertilizers and the corresponding omission plot [35]. 

Agronomic efficiencies: They were calculated using yield responses divided by fertilizer amounts of corresponding fertilizers [36]. 
Fertilizer formula calibration: Regarding the SSNM method described by Pasuquin et al. [37], the fertilizer formula was adjusted as 

follows: FX (kg ha− 1) = (FY-FY0X)/AEX, where X was N, P, K, Ca, and Mg nutrients, FX was nutrient demands to reach the target (38.6 t 
ha− 1), FY was the target yield, FY0X was the yields obtained in corresponding nutrient omission plot (t ha− 1), and AEX was the 
agronomic efficiencies (kgpineapple kgfertilizer

− 1 ). 
Multivariate linear regression analysis: The regression model was used to evaluate the influences of soil nutrients on pineapple fruit 

yield via determining coefficients r2: FY = a0 + a1X1 + a2X2 + … + a13X13. FY is the dependent variable (yield: t ha− 1); X1, X2, X3, X4, 
X5, X6, X7, X8, X9, X10, X11, X12, and X13 are the independent variables (NH4

+: mg kg− 1, NO3
− : mg kg− 1, Pavailable: mg kg− 1, Al–P: mg kg− 1, 

Fe–P: mg kg− 1, Ca–P: mg kg− 1, K+: meq 100 g− 1, Ca2+: meq 100 g− 1, Mg2+: meq 100 g− 1, Al3+: meq 100 g− 1, Fe2+: mg kg− 1, and 
Mntotal: %, respectively). A0 is the blocking coefficient. A1, a2, a3, a4, a5, a6, a7, a8, a9, a10, a11, a12, and a13 are the regression co-
efficients. The “a” values were calculated according to the change in the yield depending on the shift of a certain soil-independent 
variable. From this, we shall know how soil variables affect the yield. If a regression coefficient was positive, its soil component 
supported the productivity of pineapple, and vice versa. If the number was zero, the component did not cause changes in the pineapple 
yield. Moreover, the greater the absolute value of “a” was, the greater influence its component had. 

Statistical analysis: Microsoft Excel 2017 software was employed to determine Pearson’s correlation coefficients between yield and 
soil properties. The SPSS software, version 13.0, was run to conduct regression analysis and variances and compare differences be-
tween means in treatments by the Duncan post-hoc test. 

3. Results 

3.1. Determination of obstacles of acid sulfate soil characteristics in pineapple cultivation 

Twelve farms in Vi Thanh city and Long My district shared some similar soil characteristics, which are common in acid-sulfate soil 
(Table 1, Supplementary Data). First of all, both pH values were quite low and were roughly 2.62–3.39 for pHH2O and 2.26–2.55 for 
pHKCl. This was caused by a great presence of ASS; additionally, the total acidity was 22.6–24.4 mS/cm. Low available nutrient 
concentrations could also be found at both sites. In particular, the N availability was roughly 37.8–46.1 mg/kg for NH4

+ and 16.0–16.9 
mg/kg for NO3

− . The soluble P concentration was 43.7–56.3 mg/kg, while the contents of insoluble P compounds were much greater 
(Table 1, Supplementary Data). ASS was also associated with high levels of Al3+ and Fe2+ toxicity, which were 9.4–12.0 mg/kg and 
210.8–222.0 mg/kg at both locations, respectively. However, there are some distinct characteristics between Vi Than city and Long My 
district. For example, the soil in Vi Thanh city was more saline and contained a greater amount of insoluble P (Al–P, Ca–P, and Fe–P) 
than that in Long My district. Results of PCA displayed the influences of soil components on the others. In particular, low pH and high 
concentrations of Al3+, Fe2+, and total acidity in soil for pineapple led to reductions in the available nutrient contents in soil, which 

Fig. 2. Principal component analysis of acid sulfate soil for pineapple in (a) Vi Thanh city and (b) Long My district.  
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was a factor affecting pineapple yield, accounting for 78.8 % and 72.1 % in Vi Thanh city (Fig. 2a) and Long My district (Fig. 2b), 
respectively. 

CEC, EC, and OM stand for Cation Exchange Capacity, Electrical conductivity, and Organic Matter. 

3.2. Influences of site-specific nutrient management on properties of acid sulfate soil for pineapple at harvest 

Concentrations of NH4
+, Pavailable, K+, Ca2+, and Mg2+ went down in the treatments fertilized without corresponding nutrients of N, 

P, K, Ca, and Mg. In addition, amounts of Al3+, Fe2+, and Mntotal toxicities went up in the treatment fertilized without P in both sites 
(Table 1). Therefore, pineapple yield was positively correlated to concentrations of NH4

+, NO3
− , Pavailable, K+, Ca2+, and Mg2+ (r =

0.32–0.61 in Vi Thanh and r = 0.32–0.63 in Long My district) and negatively correlated to contents of Al3+, Fe2+, and Mntotal toxicities 
in both sites, except for Al3+ concentration in Long My district. Furthermore, available P content was correlated positively to Al–P, 
Fe–P, and Ca–P concentrations (r = 0.56–0.64 in Vi Thanh and r = 0.49–0.61 in Long My) but negatively to Al3+, Fe2+, and Mntotal 
concentrations, with correlation coefficients from − 0.74 to − 0.59 in Vi Thanh (Fig. 3) and from − 0.63 to − 0.34 in Long My district 
(Fig. 4). 

3.3. Influences of site-specific nutrient management on nitrogen, phosphorous, potassium, calcium, and magnesium uptakes in a pineapple 
in acid sulfate soil 

3.3.1. Dry biomass in parts of pineapple 
Omitting any of the essential nutrients, such as N, P, K, Ca, or Mg, during the fertilization treatments led to decreased biomass in 

various plant parts, involving the flesh, core, slip, peduncle, stem, and leaves, within Long My district. Biomass values in the crown and 
shell in the treatment fertilized without N were lower than those in the treatments fully fertilized with NPKCaMg or in the ones 
fertilized without P, K, Ca, or Mg. Similarly, the dry biomass of the flesh, core, shell, stem, and leaves reached its maximum in the 
treatment that received full fertilization with NPKCaMg. Following that, the treatments without N, P, K, Ca, or Mg fertilizers, as well as 
the treatment following FFP, exhibited the second-highest biomass. Finally, in the treatment without any fertilizers, the biomass was at 

Fig. 3. Pearson correlation coefficient (r, n = 48) between soil characteristics and pineapple yield in Vi Thanh 
Note: (*) correlated at 5 % significance. Units of NH4

+: mg kg− 1; NO3
− : mg kg− 1; Pavailable: mg kg− 1; Al–P: mg kg− 1; Fe–P: mg kg− 1; Ca–P: mg kg− 1; K+: 

meq 100 g− 1; Ca2+: meq 100 g− 1; Mg2+: meq 100 g− 1; Al3+: meq 100 g− 1; Fe2+: mg kg− 1; Mntotal: %. 
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its lowest point (Table 2). 

3.3.2. Uptakes of nitrogen, phosphorous, potassium, calcium, and magnesium in pineapple 
Concentrations of N, P, K, Ca, and Mg are shown in Tables 2–6 in the Supplementary Data. Moreover, the treatment fertilized 

without N had lower N uptakes in crown, flesh, shell, core, slip, peduncle, stem, and leaves than the treatment fertilized with N in both 
sites (Table 7, Supplementary Data). Similarly, P, K, Ca, and Mg uptakes in the crown, flesh, shell, core, slip, peduncle, stem, and leaves 
were lower in the corresponding nutrient omission treatments than in the treatments fertilized with that corresponding nutrient at both 
sites (Tables 8–11, Supplementary Data). Thereby, in Vi Thanh and Long My district, N uptake in the treatment fully fertilized with 
NPKCaMg amounted to the highest point at 289.1 and 327.4 kg ha− 1; however, treatments fertilized with P, K, Ca, or Mg and the one 
following FFP came second at 190.6–201.8 and 242.4–254.6 kg ha− 1, respectively, which were lower than those in the treatment 
fertilized without N. The lowest result was in the treatment without fertilizers. Likewise, total uptakes of P, K, Ca, and Mg in the 
pineapples in the treatment fully fertilized with NPKCaMg were the highest in both sites. In the treatment without fertilizers, they were 
lowest. In the treatments fertilized without N or P, total N uptakes were lower than those in the treatments fertilized without K, Ca, or 
Mg and the one following FFP (Table 3). 

3.4. Influences of site-specific nutrient management on the growth of pineapple in acid sulfate soil 

In Table 4, the measurements for plant height, number of leaves per plant, D-leaf width, and stem length in the treatment fully 
fertilized with NPKCaMg were recorded as follows: In Vi Thanh, the plant height was 85.5 cm, the number of leaves per plant was 56.9, 
the D-leaf width was 6.87 cm, and the stem length measured 23.4 cm. In Long My district, the corresponding measurements were 
noticed as 85.5 cm for plant height, 67.7 for the number of leaves per plant, 7.31 cm for D-leaf width, and 18.1 cm for stem length. 
These values were higher than those in the treatments fertilized without N, P, K, Ca, or Mg in both sites. In addition, peduncle diameter, 
crown length, and crown diameter in the treatment fertilized without N were outweighed by those in the treatment fully fertilized with 
NPKCaMg at both locations. 

Fig. 4. Pearson correlation coefficient (r, n = 48) between soil characteristics and pineapple yield in Long My 
Note: (*) correlated at 5 % significance. Units of NH4

+: mg kg− 1; NO3
− : mg kg− 1; Pavailable: mg kg− 1; Al–P: mg kg− 1; Fe–P: mg kg− 1; Ca–P: mg kg− 1; K+: 

meq 100 g− 1; Ca2+: meq 100 g− 1; Mg2+: meq 100 g− 1; Al3+: meq 100 g− 1; Fe2+: mg kg− 1; Mntotal: %. 
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3.5. Influences of site-specific nutrient management on yield components and fruit yield of pineapple in acid sulfate soil 

Fertilizing without each of N, P, K, Ca, and Mg caused declines in pineapple fruit length, diameter, and weight compared to the fruit 
with complete NPKCaMg fertilization. Therefore, pineapple yield in the treatment fully fertilized with NPKCaMg was the highest (35.5 
t ha− 1 in Vi Thanh and 35.9 t ha− 1 in Long My district) and that in the treatment without fertilizers was the lowest one (14.8 t ha− 1 and 
21.6 t ha− 1, respectively) (Table 5). Fig. 5 illustrates the differences in pineapple yield between farms in the treatment following FFP, 

Table 2 
Influences of specific-site nutrient management on biomass of pineapple in acid sulfate soil in Vi Thanh city and Long My district.  

Location Treatment Dry biomass (kg ha− 1) 

Crown Flesh Core Shell Slip Peduncle Stem Leaves 

VT No fertilizer 366.7b 718.63d 238.7f 1080.0d 185.4d 292.2c 803.66c 3878.7c 

NPKCaMg 633.4a 2359.9a 650.7a 2154.5a 677.7a 679.7a 1394.9a 8024.3a 

PKCaMg 414.2b 1034.0c 328.6e 1365.7c 384.6c 397.1bc 1050.9b 5256.9b 

NKCaMg 526.9a 2105.9b 500.2c 1950.4ab 406.0c 395.7bc 1158.1b 5642.5b 

NPCaMg 573.8a 2138.2b 556.5bc 1989.2ab 527.9b 412.0bc 1061.1b 4908.7b 

NPKMg 581.5a 2016.8b 541.1bc 1905.6ab 581.0b 437.0ab 1085.8b 5317.7b 

NPKCa 542.2a 2056.7b 575.7b 1824.6b 575.2b 424.4ab 1102.9b 5772.9b 

FFP 626.8a 1975.1b 408.9d 1894.3ab 541.3b 455.6ab 1072.6b 5940.0b 

LM No fertilizer 568.2c 1084.4d 294.5d 1384.3f 352.9c 398.9c 816.78c 5457.0c 

NPKCaMg 783.3a 2718.1a 653.1a 2390.7a 811.7a 663.1a 1443.3a 8235.0a 

PKCaMg 638.3bc 1473.6c 330.3cd 1558.5e 403.4c 459.7bc 1070.9b 6767.3b 

NKCaMg 709.2ab 2383.3b 473.7b 1865.5bc 603.3b 495.1bc 1144.7b 6784.7b 

NPCaMg 715.0ab 2376.4b 409.9bc 1734.8cd 614.6b 556.5ab 1157.7b 6840.7b 

NPKMg 628.6bc 2335.7b 423.1bc 1707.1d 710.7ab 555.7ab 1161.9b 6960.4b 

NPKCa 693.9ab 2395.3b 473.1b 1906.5b 688.0ab 578.3ab 1146.8b 6736.1b 

FFP 761.6a 2328.2b 375.8cd 1867.1bc 766.5ab 579.2ab 1142.3b 6363.7bc 

VT F * * * * * * * * 
CV (%) 16.3 9.65 11.4 12.7 1.05 23.2 10.3 15.0 

LM F * * * * * * * * 
CV (%) 3.48 12.5 17.2 6.70 20.8 18.3 7.37 14.1 

Note: VT: Vi Thanh city. LM: Long My district. In the same column, numbers followed by the same letters were different insignificantly from each 
other via Duncan post-hoc test.*: different at 5 % significance. ns: not significant. NPKCaMg: full fertilization; PKCaMg: fertilization without nitrogen; 
NKCaMg: fertilization without phosphorous; NPCaMg: fertilization without potassium; NPKMg: fertilization without calcium; NPKCa: fertilization 
without magnesium; FFP: farmers’ fertilizing practice. 

Table 3 
Influences of specific-site nutrient management on total nitrogen, phosphorous, potassium, calcium and magnesium uptakes in pineapple in acid 
sulfate soil in Vi Thanh city and Long My district.  

Location Treatment Total uptakes of N, P, K, Ca and Mg in plants (kg ha− 1) 

N P K Ca Mg 

VT No fertilizer 84.04d 7.25d 29.17d 9.53e 9.66e 

NPKCaMg 289.1a 25.4a 137.4a 41.9a 39.8a 

PKCaMg 122.3c 13.2c 73.82c 25.0c 22.9c 

NKCaMg 201.6b 12.1c 92.07b 30.0b 28.2b 

NPCaMg 190.6b 16.9b 62.07c 28.1bc 26.3b 

NPKMg 196.5b 17.4b 100.4b 16.5d 26.9b 

NPKCa 201.8b 17.6b 103.1b 31.5b 18.6d 

FFP 194.6b 17.4b 97.92b 31.1b 27.1b 

LM No fertilizer 139.4d 9.50e 43.91e 13.6e 14.9d 

NPKCaMg 327.4a 29.3a 166.0a 48.9a 43.1a 

PKCaMg 170.6c 16.8c 115.3c 37.2bc 29.7b 

NKCaMg 253.4b 14.3d 135.9b 38.7b 31.3b 

NPCaMg 254.6b 19.2bc 82.68d 39.5b 30.8b 

NPKMg 247.4b 20.0b 127.5bc 22.3d 29.1b 

NPKCa 245.7b 20.1b 132.9bc 38.1b 22.1c 

FFP 242.4b 19.4bc 125.1bc 33.8c 31.3b 

VT F * * * * * 
CV (%) 8.91 10.1 13.6 14.3 10.8 

LM F * * * * * 
CV (%) 8.39 11.5 12.1 9.05 10.9 

Note: VT: Vi Thanh city. LM: Long My district. In the same column, numbers followed by the same letters were different insignificantly from each 
other via Duncan post-hoc test.*: different at 5 % significance. ns: not significant. NPKCaMg: full fertilization; PKCaMg: fertilization without nitrogen; 
NKCaMg: fertilization without phosphorous; NPCaMg: fertilization without potassium; NPKMg: fertilization without calcium; NPKCa: fertilization 
without magnesium; FFP: farmers’ fertilizing practice. 
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fluctuating from 21.3 to 33.1 t ha− 1, while the median was lower than the mean; that is, yield gaps were high between pineapple farms, 
with 11.8 t ha− 1, but SSNM-based fertilization gave out a smaller gap, with 5.40 t ha− 1, and formed a more symmetrical boxplot. 

Pineapple yield responses to N fertilizer achieved the highest point in Vi Thanh and Long My district, valuing at 16.1 and 11.0 t 

Table 4 
Influences of specific-site nutrient management on growth of pineapple in acid sulfate soil in Vi Thanh city and Long My district.  

Location Treatment Plant 
height 

Leaves 
number per 
plant 

D-leaf 
length 

D-leaf 
width 

Stem 
length 

Stem 
diameter 

Peduncle 
length 

Peduncle 
diameter 

Crown 
length 

Crown 
diameter 

cm leaves cm cm cm cm cm cm cm cm 

VT No 
fertilizer 

68.0e 35.0d 52.0e 4.65c 12.0e 4.16c 23.1 2.47b 10.7b 3.78b 

NPKCaMg 88.3a 56.9a 69.3a 6.87a 23.4a 5.00a 25.2 3.17a 17.0a 4.45a 

PKCaMg 72.8d 41.3c 58.1d 5.00c 13.4de 4.21bc 23.8 2.55b 11.8b 3.79b 

NKCaMg 74.8cd 49.8b 63.7c 5.77b 15.3cd 4.67ab 24.1 2.96a 16.0a 4.30ab 

NPCaMg 76.5c 47.3bc 65.3bc 5.87b 14.9cd 4.81a 24.5 2.82ab 16.3a 4.30ab 

NPKMg 80.6b 48.6b 67.0abc 6.05b 18.1b 4.72a 24.8 3.05a 16.0a 4.38a 

NPKCa 81.3b 49.0b 67.5ab 5.86b 19.1b 4.71a 25.1 3.01a 16.6a 4.37a 

FFP 76.9c 49.3b 64.4bc 5.96b 17.3bc 4.58abc 24.1 2.94a 16.2a 4.25ab 

LM No 
fertilizer 

74.3d 41.5d 55.8d 5.55d 9.60d 4.28 22.8 2.32b 14.1c 4.15e 

NPKCaMg 85.5a 67.7a 73.5a 7.31a 18.1a 4.66 24.6 2.89a 18.2a 5.17a 

PKCaMg 76.7c 49.0c 62.6c 6.07c 11.6c 4.44 23.8 2.35b 14.9bc 4.30de 

NKCaMg 79.3b 58.7b 67.8b 6.51b 14.0b 4.49 24.2 2.54ab 15.1bc 4.59bcd 

NPCaMg 78.0bc 58.3b 67.9b 6.55b 15.1b 4.51 24.5 2.71ab 15.8bc 4.46cd 

NPKMg 78.8bc 56.3b 68.8ab 6.65b 14.2b 4.56 23.6 2.72ab 15.3bc 4.48cd 

NPKCa 79.1bc 58.8b 68.7ab 6.75b 14.6b 4.51 24.2 2.82a 15.0bc 4.65bc 

FFP 77.8bc 55.1bc 67.9b 6.53b 13.2bc 4.50 24.6 2.86a 16.4ab 4.85b 

VT F * * * * * * ns * * * 
CV (%) 3.06 11.9 4.40 4.16 3.09 8.35 7.26 10.2 8.26 9.62 

LM F * * * * * ns ns * * * 
CV (%) 2.55 9.33 6.04 3.68 12.0 6.12 5.54 6.86 10.6 1.56 

Note: VT: Vi Thanh city. LM: Long My district. In the same column, numbers followed by the same letters were different insignificantly from each 
other via Duncan post-hoc test.*: different at 5 % significance. ns: not significant. NPKCaMg: full fertilization; PKCaMg: fertilization without nitrogen; 
NKCaMg: fertilization without phosphorous; NPCaMg: fertilization without potassium; NPKMg: fertilization without calcium; NPKCa: fertilization 
without magnesium; FFP: farmers’ fertilizing practice. 

Table 5 
Influences of specific-site nutrient management on yield components and fruit yield of pineapple in acid sulfate soil in Vi Thanh city and Long My 
district.  

Location Treatment Fruit length Fruit diameter Fruit weight Yield 

cm cm kg (t ha− 1) 

VT No fertilizer 12.9d 6.50d 0.52f 14.8e 

NPKCaMg 19.4a 9.27a 1.40a 35.5a 

PKCaMg 13.1d 7.33c 0.72e 19.5d 

NKCaMg 15.7c 8.59b 1.03cd 27.4bc 

NPCaMg 16.8bc 8.61b 1.18bc 27.9b 

NPKMg 17.7b 8.63b 1.22b 28.4b 

NPKCa 17.6b 8.66b 1.21b 27.9b 

FFP 15.9c 8.55b 1.00d 24.5c 

LM No fertilizer 14.3e 7.04d 0.90e 21.6d 

NPKCaMg 18.2a 9.30a 1.38a 35.9a 

PKCaMg 15.2d 7.85c 1.03d 24.9c 

NKCaMg 17.2bc 8.65b 1.16c 29.7b 

NPCaMg 17.4ab 8.58b 1.15c 30.1b 

NPKMg 17.1bc 8.61b 1.21bc 30.8b 

NPKCa 17.7ab 8.59b 1.26b 30.8b 

FFP 16.2c 8.57b 1.16c 29.2b 

VT F * * * * 
CV (%) 8.06 5.25 12.1 10.5 

LM F * * * * 
CV (%) 4.75 6.21 5.45 5.71 

Note: VT: Vi Thanh city. LM: Long My district. In the same column, numbers followed by the same letters were different insignificantly from each 
other via Duncan post-hoc test.*: different at 5 % significance. ns: not significant. NPKCaMg: full fertilization; PKCaMg: fertilization without nitrogen; 
NKCaMg: fertilization without phosphorous; NPCaMg: fertilization without potassium; NPKMg: fertilization without calcium; NPKCa: fertilization 
without magnesium; FFP: farmers’ fertilizing practice. 
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ha− 1, respectively. For P, K, Ca, and Mg fertilizers, yield responses were 8.13, 7.61, 7.12, and 7.66 t ha− 1 in Vi Thanh and 6.14, 5.82, 
5.11, and 5.05 t ha− 1 in Long My district, respectively (Fig. 6a). The result also highlighted that 1 kg of N fertilizer led to an increase of 
46.7 kg pineapple. Likewise, with P, K, Ca, and Mg fertilizers, the increments were 27.3, 28.9, 5.3, and 11.0 kg of pineapple, 
respectively. For N fertilizer, boxes had values patterning below the average value. For K fertilizer, the values were concentrated above 
average, but, for P, Ca, and Mg fertilizers, the values were distributed more symmetrically. As a result, agronomic efficiencies of N and 
K in each pineapple cultivation were highly cataclysmic (Fig. 6b). 

With the target yield at 38.6 t ha− 1, conforming to the formula of Pasuqin et al. (2014), amounts of N, P, K, Ca, and Mg fertilizers 
were calibrated to 354.4 N-375.4 P2O5-340.7 K2O-1740.6 CaO and 849.9 MgO kg ha− 1 in Vi Thanh and 375.2 N-398.5 P2O5-361.0 
K2O-1893.5 CaO and 951.1 MgO kg ha− 1 in Long My district. 

The regression functions were controlled to evaluate the relationships between pineapple fruit yield and soil chemical charac-
teristics, where the correlations between the fruit yield and the regression models were high at r2 = 0.705 and 0.642 in Vi Thanh and 
Long My district, respectively (Table 6). 

3.6. Influences of site-specific nutrient management on fruit quality of pineapple in acid sulfate soil 

The treatment fully fertilized with NPKCaMg possessed the highest water content, whereas the one without fertilizers had the 
lowest results, which were 644.8 and 180.0 mL in Vi Thanh and 614.9 and 318.5 mL in Long My district, respectively. Then, the 
content of water in the treatments fertilized without P, K, Ca, or Mg was higher than those in the treatment fertilized without N, with a 
fluctuation of 404.1–451.6 mL compared to 288.2 mL in Vi Thanh and 531.7–555.6 mL compared to 406.0 mL in Long My district. On 
the other hand, Brix and vitamin C concentrations in the treatment fully fertilized with NPKCaMg and in the treatments fertilized 
without N, P, Ca, or Mg were higher than those in the treatment fertilized without K and in the one without fertilizers, corresponding to 
7.03–7.58 % and 31.7–50.2 mg 100 g− 1 compared to 5.86–6.25 % and 20.5–23.2 mg 100 g− 1 in Vi Thanh and 7.05–7.84 % and 

Table 6 
Regression functions between yield and soil chemical properties in Vi Thanh city and Long My district (n = 48).  

Location Regression function r2 p 

Vi Thanh FY = – 0.762 + 1.476X1 + 0.489X2 + 0.259X3 – 0.027X4 + 0.045X5 – 0.005X6 + 0.006X7 + 15.648X8 – 0.026X9 + 2.147X10 – 
0.151X11 – 0.035X12 – 0.098X13 

0.705 <0.01 

Long My FY = 11.928–2.706X1 + 0.172X2 + 0.345X3 + 0.065X4 + 0.014X5 + 0.005X6 + 0.038X7 + 10.095X8 + 0.243X9 + 1.692X10 +

0.192X11 – 0.005X12 + 0.477X13 

0.642 <0.01 

Note: FY: fruit yield (t ha− 1); X1: pHKCl; X2: NH4
+ (mg kg− 1); X3: NO3

− (mg kg− 1); X4: Pavailable (mg kg− 1); X5: Al–P (mg kg− 1); X6: Fe–P (mg kg− 1); X7: 
Ca–P (mg kg− 1); X8: K+ (meq 100 g− 1); X9: Ca2+ (meq 100 g− 1); X10: Mg2+ (meq 100 g− 1); X11: Al3+ (meq 100 g− 1); X12: Fe2+ (mg kg− 1); X13: 
Mntotal (%). 

Table 7 
Influences of specific-site nutrient management on fruit quality of pineapple in acid sulfate soil in Vi Thanh city and Long My district.  

Location Treatment Water content Degree Brix pH Total acid Vitamin C Fruit color 

mL % mg L− 1 mg 100 g− 1 L* a* b* 

VT No fertilizer 180.0d 5.86d 3.52 9.36 20.5d 184.9b 38.8b 99.8 
NPKCaMg 644.8a 7.58a 3.66 10.7 50.2a 213.9a 53.5a 103.0 
PKCaMg 288.2c 7.03ab 3.64 10.2 32.1b 190.3b 46.1a 101.4 
NKCaMg 413.7b 7.10ab 3.65 10.1 34.8b 194.5b 47.1a 101.1 
NPCaMg 425.6b 6.25cd 3.63 9.68 23.2cd 193.4b 47.0a 106.6 
NPKMg 451.6b 7.47a 3.61 10.1 35.5b 195.4b 47.7a 100.2 
NPKCa 404.1b 7.45a 3.58 10.6 31.7b 194.5b 49.5a 99.5 
FFP 347.5bc 6.67bc 3.65 10.1 29.9bc 191.6b 48.7a 100.4 

LM No fertilizer 318.5d 5.63c 3.33 10.6 28.1c 208.9b 47.4d 104.3 
NPKCaMg 614.9a 7.84a 3.39 13.3 53.4a 262.3a 64.0a 110.2 
PKCaMg 406.0c 7.05b 3.38 11.7 48.4ab 215.3b 48.8cd 106.3 
NKCaMg 555.6b 7.19ab 3.34 12.0 46.9ab 225.3b 54.8b 107.7 
NPCaMg 554.3b 6.08c 3.33 11.7 28.9c 210.2b 53.1bc 109.8 
NPKMg 531.7b 7.80a 3.30 11.5 48.8ab 218.8b 53.3bc 107.1 
NPKCa 542.6b 7.12b 3.37 11.8 44.3ab 221.4b 56.3b 105.8 
FFP 495.6b 7.68ab 3.29 11.2 40.5b 237.2ab 54.8b 108.7 

VT F * * ns ns * * * ns 
CV (%) 21.4 7.52 2.62 20.8 20.8 6.98 12.8 10.3 

LM F * * ns ns * * * ns 
CV (%) 9.70 7.38 7.57 13.6 17.8 12.0 8.16 10.5 

Note: VT: Vi Thanh city. LM: Long My district. In the same column, numbers followed by the same letters were different insignificantly from each 
other via Duncan post-hoc test.*: different at 5 % significance. ns: not significant. NPKCaMg: full fertilization; PKCaMg: fertilization without nitrogen; 
NKCaMg: fertilization without phosphorous; NPCaMg: fertilization without potassium; NPKMg: fertilization without calcium; NPKCa: fertilization 
without magnesium; FFP: farmers’ fertilizing practice. 
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44.3–53.4 mg 100 g− 1 compared to 5.63–6.08 % and 28.1–28.9 mg 100 g− 1 in Long My district. For indexes of L*, a*, and b*, in the 
treatment fully fertilized with NPKCaMg, the color was brighter than that in the treatments fertilized without N, P, K, Ca, or Mg, with 
L* values at 213.9 and 262.3 compared to 184.9–195.4 and 208.9–225.3, following the order of the two sites (Table 7). 

4. Discussion 

Characteristics of soil for pineapple cultivation: The soil for farming pineapple at both sites was definitely acid-sulfate soil, because it 
featured most of the soil type’s characteristics. In particular, the characteristics consisted of low pH, low nutrient availability, and great 
toxicity of Al3+ and Fe2+ (Table 1, Supplementary Data). The pineapple soil had a value of pHKCl 2.26 and 2.55 in Vi Thanh and Long 
My district, which is considered to be highly acidic as mentioned by Horneck et al. [38]. This should be due to the great presence of 
acids in the soil, which was shown via the total acidity result at both sites. This was the result of the oxidation of acid-sulfate-bearing 
materials in soil [10,11]. Low soil pH adversely affects plant development, because the condition can not only elevate concentrations of 
soil toxicities, e.g., Fe2+, Al3+, and Mn2+ [39], but also minimize the nutrient availability of P, Mg, and Ca [40], leading to a lack of 
essential nutrients for plants. This was also expressed via the PCA result (Fig. 2), where the low pH, high concentrations of Al3+ and 
Fe2+, and total acidity were negatively correlated with the N and P availability. Particularly, the P nutrient can become the most 
available between pH 6 and 7, but when the pH turns lower, the P element is fixed by Al and Fe in the soil [6]. Moreover, reduced ATP 
production—which is correlated with P concentration—may have a detrimental impact on processes like photosynthesis in plants 

Fig. 5. Influences of specific-site nutrient management on yield gap of pineapple in acid sulfate soil in Vi Thanh city and Long My district. Note: No 
fertilizer: No application of fertilizers; NPKCaMg: full fertilization; PKCaMg: fertilization without nitrogen; NKCaMg: fertilization without phos-
phorous; NPCaMg: fertilization without potassium; NPKMg: fertilization without calcium; NPKCa: fertilization without magnesium; FFP: farmers’ 
fertilizing practice. In boxes, the bottom described the first quartile, dashed line described the median, solid line described the mean, the top 
described the third quartile, the bar described the maximum and minimum values. 

Fig. 6. Influences of specific-site nutrient management on (a) pineapple yield response and (b) agronomic efficiency of NPKCaMg fertilizers in Vi 
Thanh city and Long My district. Note: In boxes, the bottom described the first quartile, dashed line described the median, solid line described the 
mean, the top described the third quartile, the bar described the maximum and minimum values. 
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when P is absent [41]. Moreover, the pH was correlated positively with NO3
− at 0.57 and 0.25, but negatively with NH4

+ at − 0.17 and 
− 0.07 in Vi Thanh city and Long My district, respectively (Figs. 3 and 4). This is in accordance with the study by Pietri and Brookes 
[42]. Meanwhile, high concentrations of Al3+ and Fe2+ toxicities led to remarkably diminished availability of N and P (Fig. 2). As 
reported by Dibabe et al. [39], P easily bonds to Al3+, Fe2+, or Mn2+ to form insoluble P compounds in acid-sulfate soil, reducing 
toxicity for plants. Therefore, the treatments fertilized with P had contracted concentrations of Al3+, Fe2+, and Mn by roughly 
14.7–33.0, 24.9–43.1, and 22.4–32.7 %, compared to those in the treatment without fertilized P (Table 1). 

Nutrient uptakes in pineapple: Table 2 points out that pineapple responds well to N fertilizer and then to P, K, Ca, and Mg fertilizers, so 
fertilizing fully with NPKCaMg improves plant growth and development, inducing heightened dry biomass. Each nutrient affects 
differently pineapple. K is the most important one, due to its effects on pineapple fruit quality; N and P focus on the pineapple yield; 
and Mg and Ca target pineapple growth, as they contribute to photosynthesis and shoot development [43]. This explained why the 
treatment fully fertilized with NPKCaMg had the highest total uptakes of N, P, K, Ca, and Mg. In addition, the treatments fertilized 
without each of N, P, K, Ca, and Mg enticed corresponding reductions in total N, P, K, Ca, and Mg uptakes in pineapple (Table 3). Cunha 
et al. [29] also had a similar conclusion, which stated that full fertilization multiplied uptake compared to omission fertilization. 
Uptakes of N, P, K, Ca, and Mg analyzed in leaves in the treatment fully fertilized with NPKCaMg were higher than those in the 
treatment without fertilizer. 

Pineapple growth: Fertilizing without one of the N, P, K, Ca, and Mg nutrients induced reductions in plant height, D-leaf length and 
width, stem length, and leaves number per plant, compared to fertilizing fully with NPKCaMg (Table 4). This result agreed with that of 
Tewodros et al. [30], where the treatment fertilized with 281 kg N ha− 1 and 134 kg P ha− 1 increased plant height and leaf length by 
7.20–14.2 and 5.36–8.98 % compared to those in the treatment without fertilizers. Meanwhile, in the study by Zubir et al. [44], the 
treatment fertilized fully with NPK escalated plant height, D-leaf length, D-leaf width, stem diameter, and leaves number per plant by 
43.8, 35.8, 54.8, 26.8, and 19.2 %, respectively, compared to those in the treatment without fertilizer. Additionally, the treatment 
fertilized without Ca and Mg caused lower pineapple growth than that in the treatment fully fertilized with NPKCaMg (Table 4). 

Yield components and pineapple fruit yield: Fertilizing without each of N, P, K, Ca, or Mg reduced the length, width, and weight of 
fruits. At the same time, the treatment fertilized without N yielded more significant reductions in fruit length and width, compared to 
the treatment fully fertilized with NPKCaMg at both sites (Table 5). Plants’ response is the highest to N fertilizer, which reflects the role 
of N in promoting foliage development, strengthening physiological activities in plants, and facilitating the synthesis of assimilating 
compounds for plant growth, compared to other nutrients, such as P, K, Ca, and Mg [20]. As a result, fruit weight in the treatment 
fertilized with N tremendously declined, compared to that in the treatment fully fertilized with NPKCaMg by 0.35–0.68 kg, curtailing 
pineapple yield at both sites (Table 11, Supplementary Data). 

The treatment without fertilized N had the lowest yield among treatments with fertilizers, valuing at 19.5 t ha− 1 in Vi Thanh and 
24.9 t ha− 1 in Long My district (Table 5). The result was consistent with the study of Tewodros et al. [30], where treatment with N 
fertilizer at 281 kg ha− 1 raised the yield of Smooth Cayenne by 4.84 t ha− 1, compared to the no-applied fertilizer treatment. In the 
study of Haque et al. [45] on MD2 pineapple, applying N fertilizer expanded yield by 15 % compared to the no-applied fertilizer 
treatment. According to Cunha et al. [29], the importance of nutrients was in the order of N > P ~ K > Ca > Mg, while P is essential in 
the growth stage of pineapple and K is more vital for fruit formation to obtain high-quality and sweet fruits [20]; that is, full fertil-
ization with NPKCaMg helps plants grow and develop better. Therefore, fertilization following SSNM gained the highest pineapple 
yield with 35.5 and 35.9 t ha− 1 in Vi Thanh and Long My district, respectively (Table 5). Yield drop brought about shrunk water 
content in the following order: fertilizing fully with NPKCaMg > without P ~ K ~ Ca ~ Mg ~ FFP > N > no fertilizer. In the study by 
Chivenge et al. [23], the SSNM method has a greatly better yield of rice and maize, as compared to both the farmer’s practice and the 
local recommendation. Safflower has been also reported to have the same benefits as SSNM [46]. An intercropping system can be used 
with SSNM. For instance, the rice-wheat system had its growth, and yield components escalated by the SSNM along with an additional 
income of 12,953 Indian rupees per ha [47]. The SSNM has been also applied to the maize-sunflower cropping system and was 
concluded to be an ideal productive cropping system, with lower doses of fertilizers, sustainable yields, and maintenance of soil 
fertility and health in light of changing climate [48]. However, up to now, this study can be considered as one of the first reports that 
applied SSNM to formulate a promising fertilizer rate for pineapple grown in ASS. 

Correlation between pineapple yield and soil properties: As claimed by Cunha et al. [29] and Chen et al. [49], concentrations of N, P, K, 
Ca, and Mg nutrients are undeniably crucial for plants to grow and develop. Figs. 3 and 4 demonstrate the correlation between 
pineapple yield and the concentrations of NH4+, NO3− , available P, K+, Ca2+, and Mg2+. In Vi Thanh, the correlation coefficients 
ranged approximately from 0.32 to 0.61, while, in Long My district, they ranged from 0.32 to 0.63. Therefore, nutrient concentrations 
in the soil enhanced pineapple yield. Besides, pineapple yield rose, whereas concentrations of Al3+, Fe2+, and Mn toxicities dwindled at 
both sites. In agreement with Liu et al. [50], fertilizing with P immobilizes Al3+, Fe2+, and Ca2+ into Al–P, Fe–P, and Ca–P in soil. 
Figs. 3 and 4 unveil that high available P concentrations raise concentrations of Al–P, Fe–P, and Ca–P due to their positive correlation 
coefficients and dwindled concentrations of Al3+ and Fe2+ toxicities. 

Pineapple fruit quality: In Table 7, degree Brix and vitamin C concentrations in the treatment without fertilizers and in the one 
without K were lower than those in the other treatments. The findings from the study conducted by Cunha et al. [51] align with this 
result, indicating that applying 24 g of potassium per plant provoked a significant increment in both the degree of Brix and vitamin C 
content, reaching levels of 22.5 and 210.3 % respectively, compared to the control group. Chen et al. [48] studied the influences of N, 
P, K, Ca, and Mg on the quality of pineapple fruit and proved that increasing concentrations of K boosted concentrations of C in 
pineapple juice. Therefore, K is an essential element in increasing the degree of Brix and vitamin C content in pineapple juice. On the 
other hand, pH and total acid content in juice differed insignificantly between treatments at both sites (Table 7). Cunha et al. [29,51] 
also reported that fertilizing with N, P, K, Ca, and Mg did not affect the pH in pineapple juice compared to the no-fertilizer case. In this 

N.Q. Khuong et al.                                                                                                                                                                                                     



Heliyon 10 (2024) e25541

13

study, the average pH was from 3.41 to 3.70, providing evidence that fertilizing with N, P, K, Ca, and Mg had slight impacts on the 
parameters of the fruit quality of pineapple. 

From the above results, it can be seen that SSNM is such a wonderful tool not only to improve crop yield and broaden the income of 
farmers, but also to be a means of protecting the environment damaged from the overuse of chemical fertilizer. However, the SSNM is 
considered to be only suitable for a certain location, which is known as a drawback of this approach. Rodriguez [45] argues that the 
adaptability of the SSNM lies in its ability to account for the interactions between plants and fertilizers, as well as the interactions 
between fertilizers and the environment. By incorporating these factors into the algorithm used to recommend fertilizer formulas, 
SSNM can be tailored to different agricultural fields. Hence, the new fertilizer formula made in the current study can be further 
modified to be suitable for locations around the globe where the environmental condition is similar to that in the Mekong Delta of 
Vietnam. Moreover, this study should be one of the first studies that apply SSNM to formulate an optimal fertilizer dose for pineapple 
grown in ASS. 

5. Conclusions 

Soil with low pH, high concentrations of Al3+, Fe2+, and total acid, and low concentrations of available N, P, and K inhibited 
pineapple cultivation. Available P concentration negatively correlated to concentrations of Al3+, Fe2+, and total Mn with correlation 
coefficients at − 0.59, − 0.74, and − 0.70 in Vi Thanh and − 0.34, − 0.52, and − 0.63 in Long My district. Contents of available N and 
available P, K+, Ca2+, and Mg2+ dropped in the treatments fertilized without N, P, K, Ca, and Mg, respectively. Full fertilization with 
NPKCaMg obtained the highest total N, P, K, Ca, and Mg uptakes at both sites, with 289.1–327.4, 25.4–29.3, 137.4–166.0, 41.9–48.9, 
and 39.8–43.1 kg ha− 1, respectively. The yield gap between farms scored 11.8 t ha− 1, while that fertilized according to SSNM was only 
5.40 t ha− 1 and pineapple yield climbed to 22.9–44.9 %. The new fertilizer formula was suitable for growing pineapple in acid-sulfate 
soil in Vi Thanh city and Long My district and was promising to be applied in other places sharing similar soil features around the world 
to expand the pineapple yield and diminish the chemical fertilizer used. Thereby, the environment is conserved, and the profit of 
farmers is improved. This should contribute to the global sustainable agriculture. 
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