#

el agronomy @\py

Article

Effects of Residue Burial Depth and Rate on Soil Fertility and
Pineapple Yield in Tropical Cultivation Systems

Shoupeng Li ¥, Xin Jin ¥, Xiumei Ma !, Xianglong Dai !, Mengjie Sun !, Xinxin Wang !, Jian Luo ?,
Mingwan Chen 1, Chaojie Lan !, Changzhen Li ! and Changjiang Li »"*

Sanya Institute of Breeding and Multiplication, School of Tropical Agriculture and Forestry, Hainan
University, Sanya 572025, China; 23110901000022@hainanu.edu.cn (S.L.)

Hainan Tian-Di-Ren Ecological Agriculture Incorporated Company, Haikou 570228, China

*  Correspondence: lichangjiang99@hainanu.edu.cn; Tel.: +86-898-66279257

These authors contributed equally to this work.

Abstract

Pineapple is widely cultivated in tropical regions, but intensive management and improper
residue disposal can accelerate soil degradation and yield decline. To evaluate under-
ridge residue burial (URRB) as a soil improvement practice, parallel field experiments
were conducted from 2023 to 2024 at two sites in tropical southern China. A two-factor
randomized complete block design was used, with two burial rates (half- and full-rate, i.e.,
10 and 20 t ha—!) and three burial depths (10, 20, and 30 cm), plus a residue removal control
(CK). Compared with CK, URRB generally increased soil pH and the stocks of soil organic
carbon and available nitrogen (N), phosphorus (P), and potassium (K), accompanied
by higher leaf area index (LAI), total root surface area (TRSA), photosynthetic pigment
contents, fruit vitamin C content, and plant N, P, and K accumulation. Increasing burial rate
significantly enhanced plant P and K accumulation and fruit yield, while burial at 30 cm
produced greater improvements in soil pH, soil organic carbon (SOC), and available N, P,
and K stocks than burial at 10 cm and 20 cm. Compared with other treatments, full-rate
residue burial at 30 cm depth under the ridge (FD30) most effectively promoted canopy
growth, root development, fruit yield, and chlorophyll a content. On average across the two
sites, FD30 increased LAI and TRSA by 20.9% and 34.0%, respectively, compared with CK,
with significant increases of 20.1% in fruit yield and 25.3% in fruit vitamin C content. Partial
least squares path modeling identified positive indirect associations of soil pH and nutrient
availability with yield. Although pineapple yield did not differ significantly between FD30
and FD10, SOC, available N, P, and K stocks were significantly greater under FD30 than
under FD10. Thus, FD30 is a more promising strategy for improving both soil fertility and
pineapple production under the present experimental conditions. This study also provides
new insights into crop residue management in tropical cultivation systems.
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1. Introduction

Copyright: © 2026 by the authors. Pineapple (Ananas comosus (L.) Merr.) is an important fruit crop worldwide, widely
Licensee MDPI, Basel, Switzerland. cultivated in tropical regions, and valued for its rich nutritional profile [1]. The global
This article is an open access article annual production is approximately 29.3 million tons, with an estimated global export value
distributed under the terms and of US$3.24 billion in 2024 [2], highlighting its substantial economic significance. Neverthe-
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systems with a continuous monocropping mode [3,4]. Such practices have contributed
to widespread soil degradation: up to 78% of pineapple plantation soils have a pH < 4.5,
and more than half contain <2% soil organic matter in tropical South China [5]. Relative
to conditions three decades ago, soil pH has declined by approximately 0.3 units and soil
organic carbon has decreased by 20% in Hainan Island [6]. Moreover, pineapple harvesting
generates substantial amounts of aboveground biomass residues that contain approxi-
mately 1.0% N, 1.0-2.0% K, and 0.1-0.4% P, along with other micronutrients [7,8]. However,
as excessive residue accumulation can hinder subsequent field operations, these residues
are usually removed from fields or burned in situ, resulting in resource waste and environ-
mental risks [9]. These challenges collectively constrain soil fertility and the sustainability
of pineapple production. Therefore, it is necessary to develop a management strategy for
tropical pineapple cultivation that restores soil fertility and enhances productivity.

Residue return is a widely adopted conservation practice that can improve soil quality
and fertility, with potential benefits for crop yield and quality. Evidence indicates that it
can increase soil organic matter, regulate soil acid-base status [10,11], increase nutrient
availability [12], and improve soil physical properties related to aeration and water in-
filtration [13]. It can also promote root development and increase biomass production,
nitrogen accumulation, and photosynthetic efficiency, thereby increasing yield [14-16].
However, these effects are influenced by multiple factors, such as climate conditions, soil
properties, cropping systems, and the method of residue return [17]. It has been reported
that compared with incorporation or burial, residue mulch is more effective in increasing
soil moisture and water storage [18] and enhancing the availability of nitrogen, phosphorus,
and potassium [19]. In contrast, compared with residue mulch, residue burial is more
conducive to the accumulation of soil organic carbon (SOC) and total nitrogen [19], and
increases maize yield by 22.7% and wheat yield stability by 6.7% [14,20]. In addition, plow-
tillage incorporation can outperform rotary-tillage incorporation by increasing mineral N
stocks and water use efficiency, resulting in an average 6.4% increase in maize yield in two
growth seasons [21]. However, residue burial, especially ditch burial, has been regarded as
a more efficient residue return strategy for enhancing soil fertility and crop yield [22,23].
Compared with conventional residue incorporation, deep burial return has been reported
to significantly reduce soil bulk density (BD) in the 2040 cm soil layer by 8.1% and to
increase soil porosity, SOC, and total nitrogen by 10.3%, 67.5%, and 61.3%, respectively [24].
Moreover, residue burial was reported to promote root growth by alleviating excess soil
moisture in the root zone and enhancing plant N uptake, resulting in a yield increase of
24.5% [25]. Hence, these findings suggest that residue burial management may have greater
potential to enhance both crop productivity and soil fertility.

Previous studies have shown that residue burial at 25 cm resulted in a greater yield
increase than burial at 15 cm and 40 cm in maize-wheat rotation systems [26]. Straw incor-
poration at a subsoil depth of 20-30 cm delivered favorable overall benefits, particularly by
maximizing topsoil SOC stock while also promoting crop yield [27]. Moreover, increasing
straw return rates can further improve soil quality [28], but higher residue amounts may
also increase the risk of pathogen proliferation [29]. Likewise, a previous study reported
that higher straw return rates did not lead to a monotonic improvement in soil quality or
crop yield; instead, the treatment with a two-thirds return rate outperformed that with a
full return rate for certain soil indicators [30]. These results highlight that both the burial
depth and burial rate are key determinants in residue return management.

However, the applicability of residue burial to tropical cultivation systems remains
insufficiently documented. Although a recent study showed that ditch-buried straw return
coupled with ridge—furrow plastic mulching enhances pineapple straw decomposition and
soil quality [31], it remains unclear whether pineapple residue burial can improve pineapple
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productivity and which combination of burial depth and burial rate is optimal. Here,
therefore, parallel field experiments were conducted at two sites to evaluate a residue return
practice defined as under-ridge residue burial (URRB), in which two residue burial rates (10
and 20 tha~!) and three burial depths (10, 20, and 30 cm under the ridge) were implemented,
plus a residue removal control (CK). The objectives were to (1) determine how the residue
input rate and its spatial placement regulate soil physicochemical properties and nutrient
availability; (2) explore potential pathways linking URRB-induced changes in soil properties
to pineapple growth and yield formation; and (3) identify an optimal URRB regime for
pineapple cultivation, thereby providing a practical reference for developing high-yielding,
resource-efficient, and sustainable crop production systems in tropical regions.

2. Materials and Methods
2.1. Experimental Sites

Parallel field experiments were conducted from January 2023 to April 2024 at two
sites in Hainan Province, China: Lingao County (109°44'24” E, 19°55'48"” N; 35 m a.s.l.)
and Ledong County (108°46'22" E, 18°39'06” N; 66.8 m a.s.l.). Both sites are located in
major tropical pineapple-producing areas and have a tropical monsoon climate. The soils
at Lingao and Ledong were classified as a Ferralsol and a Lixisol, respectively, according to
the WRB classification system [32]. Detailed soil physicochemical properties are provided
in Table S1. The data of air temperature and precipitation throughout the pineapple
growth period at each site were recorded by an in-field automatic weather station (HX-3000;
Hengxing Technology Co., Ltd., Handan, China) and are shown in Figure S1. The mean
daily air temperature and cumulative precipitation at Lingao were 24.7 °C and 1291 mm,
respectively, and those at Ledong were 25.8 °C and 818 mm, respectively.

2.2. Experimental Design

Field experiments were conducted using a two-factor randomized complete block
design. The residue burial rate included two levels: 10 t ha~! (half-rate residue, H) and
20 t ha~! (full-rate residue, F), calculated on a dry weight basis. Burial depth included
three levels: 10 cm (D10), 20 cm (D20), and 30 cm (D30). Residue removal was used as the
control (CK). In total, seven treatments were established: HD10, HD20, HD30, FD10, FD20,
FD30, and CK. At each site, each treatment was replicated three times, resulting in 21 plots
per site. Each plot covered 20 m? (5 m x 4 m).

After the previous crop was harvested, all aboveground pineapple residues, consisting
mainly of stems and leaves, were collected and weighed. The leaves were mechanically
cut into pieces approximately 20 cm long and 5 cm wide, and the stems into blocks
approximately 5 x 5 x 5 cm in size. Before transplanting, ditches (30 cm wide) were
excavated at the center of the intended ridge positions to the designated depths, and
residue was applied at the calculated rates. After the ditches were backfilled, ridges were
formed along the ditches (ridge height 10 cm, width 90 cm, and ridge spacing 30 cm).
Pineapples were transplanted on these ridges in two rows per ridge, with 40 cm between
rows and 33 cm between plants, resulting in a planting density of 49,500 plants ha!
(Figure S2). Pineapple was transplanted at both sites on 1 January 2023 and harvested on
26 April 2024 (481 days). All plots received the same fertilizer regime, with total application
rates of 450 kg N ha!, 120 kg P,0s ha~!, and 600 kg K,O ha~!. The local dominant
cultivar “Tainong 17" was used, and field management followed locally recommended
high-yield practices.
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2.3. Sampling and Measurement
2.3.1. Plant Sampling and Measurement

At five key growth stages of pineapple (early vegetative growth, active vegetative
growth, inflorescence emergence, fruit expansion, and maturity), three plants were ran-
domly selected from the central rows in each plot. The plants were subsequently separated
into stems, leaves, peduncles, fruits, and crowns, and then subsamples were oven-dried at
80 °C to estimate total aboveground dry matter accumulation (ADMA). Leaf number was
defined as the total number of leaves per plant, including senesced leaves, and leaf area
index (LAI) was calculated following a previously described equation [33]. Dried tissues
were ground and digested using an H,SO4—H,O, system for determination of total N, P,
and K [34]. Total N and total P were quantified colorimetrically using the indophenol blue
method and the molybdenum blue method, respectively, and K was measured by flame
photometry [35]. Plant N, P, and K accumulation was calculated as the sum of organ dry
mass multiplied by the corresponding nutrient concentration across all plant organs.

At the stage of active vegetative growth, three D-leaves (a group of fully expanded
young leaves) from three plant samples were randomly selected, and a tissue subsample
was excised from the middle section. Fresh leaf tissue was ground in 96% ethanol to extract
photosynthetic pigments. The absorbance of the extract was measured at 470, 649, and
665 nm, and the contents of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids
(Car) were calculated using the equations described in [36]. Results are expressed as mg
100 g~ ! fresh weight.

At harvest, two plants were randomly selected from each plot, and a soil block
(60 cm x 60 cm x 40 cm) centered on each target plant was excavated and carefully
broken apart by hand to remove loosely attached soil, and the remaining soil-root complex
was placed in a nylon mesh bag and rinsed with a gentle stream of water. After being
washed, all the roots from each plant were clipped and spread flat without overlap on the
scanning tray. Roots were scanned at 600 dpi (Microtek ScanMaker i800 Plus, Zhongjing
Technology Co., Ltd., Shanghai, China) and analyzed using WinRHIZO 2022a (Regent
Instruments Inc., Quebec City, QC, Canada) to obtain the mean root diameter (MRD), total
root length (TRL), and total root surface area (TRSA). The scanned root samples were then
oven-dried at 80 °C to constant weight to determine root dry matter accumulation (RDMA).

2.3.2. Fruit Yield and Quality Determination

At pineapple harvest, all fruits from the central area of the four middle rows of each
plot were harvested and weighed to calculate yield per unit area. Three fruits were then
randomly subsampled from the harvested fruits in each plot for fruit quality analysis. Total
soluble solids (TSSs, °Brix) were measured with a digital refractometer (PAL-1, Atago
Co., Ltd., Tokyo, Japan). Vitamin C was determined by 2,6-dichloroindophenol titration
according to AOAC official method 967.21 [37]. Titratable acidity (TA) was determined
by titration with NaOH to an endpoint of pH 8.1 and expressed as citric acid equivalents
according to AOAC official method 942.15 [37]. Soluble sugars were determined by the
anthrone-sulfuric acid colorimetric method according to a published method [38]. The
sugar-to-acid ratio was calculated as the TSS/TA ratio.

2.3.3. Soil Sampling and Analysis

At harvest, three equidistant sampling points were established on the ridges along the
diagonal of each plot. Soil samples were collected using a spiral steel auger from five soil
layers: 0-10, 10-20, 20-30, 3040, and 40-60 cm. For each layer, the three soil cores within
a plot were composited to form one sample for subsequent analyses. The NH4*-N and
NO3z™-N were extracted with 2 M KCl and determined using a continuous-flow analyzer
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(Alliance-Futura/Proxima, Alliance Instruments, Frépillon, France) [39], and available N
content was calculated as their sum. The soil pH was determined in a 1:2.5 (w/v) soil-
water suspension using a pH meter (AB33M1-F, Ohaus Co., Ltd., Changzhou, China).
Available P was extracted with Bray-1 extractant and quantified using the molybdenum
blue method, while available K was extracted with 1 M NH4OAc (pH 7.0) and measured
by flame photometry. SOC content was determined using the HySO4-K,Cr,O;7 oxidation
method [35]. Soil bulk density (BD) was determined using undisturbed soil cores collected
from an excavated soil profile (0-60 cm) with a steel core ring of known volume. The stocks
of SOC and available N, P, and K were calculated as follows:

Stock(tha’l) = i(ci x BD; x Dj x 0.1)
i=1

where C; is the SOC or available N, P, and K content (g kg 1) in soil layer 7, BD; is soil bulk
density (g cm™3), D; is soil layer thickness (cm), and # is the number of soil layers. The
factor 0.1 is a unit conversion coefficient.

2.4. Statistical Analysis

Data from each site were analyzed separately using SPSS Statistics v28.0 (IBM Corp.,
Armonk, NY, USA). Each plot was treated as an experimental unit, and subsample mea-
surements within each plot were averaged before statistical analysis. Two-way ANOVA
(excluding CK) was performed to test the main effects of residue burial rate and depth and
their interaction. One-way ANOVA was used to compare CK with individual treatments
and with treatment means at each level of burial depth or burial rate. All mean comparisons
were performed using the least significant difference (Fisher’s LSD) test at oc = 0.05. Pearson
correlation analysis was used to assess the relationships among the variables. Additionally,
partial least squares path modeling (PLS-PM) was conducted in R (v4.5.2) using the plspm
package to evaluate the hypothesized pathways linking soil pH, nutrient availability, root
growth, nutrient uptake, photosynthetic pigments, and yield. All latent variables were
specified as reflective constructs (Mode A), and the input data were standardized using
z-scores. Bootstrap standard errors and percentile 95% confidence intervals were calculated
for standardized direct, indirect and total effects using 5000 bootstrap resamples. Effects
were considered statistically significant when their 95% confidence intervals excluded zero.

3. Results
3.1. Soil Physicochemical Properties

Across both sites, the URRB treatments tended to reduce the soil BD in multiple soil
layers relative to CK (Figure 1a,b). At Lingao, compared with the CK, the FD10 treatment
significantly reduced the bulk density by 14.0% in the 10-20 cm soil layer, whereas no
significant differences were detected in the other layers. URRB also increased the soil
pH throughout the 0-60 cm profile. The soil pH values were highest under FD10 in the
0-20 cm soil layers, whereas the highest values shifted to FD30 in the 2040 cm soil layers
(Figure 1c,d). The soil pH under FD30 was on average (across sites and layers) 0.24 units
higher than that under FD20 in the 20-40 c¢m soil layers.
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Figure 1. Soil bulk density (BD) and soil pH in different soil layers at pineapple harvest under
different treatments at two sites. (a) BD at Lingao; (b) BD at Ledong; (c) pH at Lingao; (d) pH at
Ledong. Data are presented as means + SD (n = 3). CK, residue removal; HD10, HD20, and HD30
denote half-rate residue burial at 10, 20, and 30 cm depths under the ridge, respectively; FD10, FD20,
and FD30 denote full-rate residue burial at 10, 20, and 30 cm depths under the ridge, respectively.

Horizontal bars in each panel indicate the least significant differences at p < 0.05 (Fisher’s LSD).

The burial depth had a significant main effect across both sites on SOC stock, following
the pattern of D30 > D20 > D10, with differences being significant, whereas the burial rate
had no significant effect (Figure 2a,b). The SOC stock at the D30 level was significantly
greater than that at the D10 level and in CK. FD30 resulted in the greatest SOC stock,
which differed significantly from that in the other treatments except for HD30 and FD20
in two sites; it was, on average, 19.1% and 18.0% greater than those in FD10 and the
CK, respectively.

The available N stock at the D30 level was significantly greater than that at the D20 and
D10 levels and in the CK. FD30 had the highest available N stock and differed significantly
from all the other treatments except for HD30 (Figure 2c,d). Compared with the CK,
both D30 and D10 significantly increased the available P stock, and the available P stock
was significantly greater at the F level than at the H level. FD30 resulted in the highest
available P stock, which was significantly higher than that in the CK, HD10, HD20, and
FD20 (Figure 2e,f). The FD30 also resulted in the highest available K content and stock,
which were significantly higher than those under the CK, HD10, and FD10. The stock
under FD30 was 24.9% greater on average than that under FD10 (Figure 2g,h).
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Figure 2. The stocks of soil organic carbon (SOC) and available nutrients (N, P, and K) in the 0-60
cm soil profile at pineapple harvest under different treatments at two sites. (a) SOC stock at Lingao;
(b) SOC stock at Ledong; (c) available N stock at Lingao; (d) available N stock at Ledong; (e) available
P stock at Lingao; (f) available P stock at Ledong; (g) available K stock at Lingao; (h) available K stock
at Ledong. Data are presented as means =+ SD (n = 3). CK, residue removal; H and F denote half-rate
and full-rate residue burial, respectively; D10, D20, and D30 denote burial depths of 10, 20, and 30 cm
under the ridge, respectively. The two-way ANOVA results are shown in the upper-left corner of
each panel; * indicates p < 0.05; ns, not significant. Rate, burial rate (R); Depth, burial depth (D);
R x D, interaction between R and D. For statistical comparisons (Fisher’s LSD), * indicates significant
differences between burial rates (p < 0.05); different uppercase letters indicate significant differences
among burial depths and the CK (p < 0.05); different lowercase letters indicate significant differences
among all treatments (p < 0.05). The horizontal lines above the bars indicate comparisons between
different burial rates at the same burial depth (p < 0.05).
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3.2. Pineapple Morphology and Physiological Characteristics

As shown in Table 1, the burial rate had significant effects on multiple pineapple
morphological traits across both sites. Compared with the CK, almost all URRB treatments
increased pineapple leaf number, LAI, RDMA, TRL, and TRSA, and most indices at the F
level were significantly higher than those at the H level and in the CK. The burial depth
also significantly affected several morphological traits, following an overall pattern of
D30 > D10 > D20, while the interaction between the burial rate and burial depth was not
significant. At the F level, the LAI, RDMA, and TRL under FD30 were on average 10.2%,
26.0%, and 17.3% greater than those under FD20, respectively.

Table 1. Aboveground and underground morphological indices of pineapple under different treat-
ments at two sites.

Site Burial Rate Burial Depth IL\faf LAI RDMA TRL MRD TRSA
umber
tha! m plant! mm m? plant ™!
LG CK 785+ 3.8B 4.69 £ 0.43 B 0.58 + 0.02 B 51.8 + 3.6 B 1.16 £+ 0.02 A 0.33 £ 0.03 B
Half D10 82.0+£3.0 5.09 +0.28 0.57 £ 0.07 532+ 34 1.14 £0.03 0.35 £ 0.02
Half D20 79.0 £ 3.6 4.73 +0.20 0.52 £ 0.07 5214+ 3.1 1.13 £ 0.04 0.33 £0.03
Half D30 84.7 +29 5.20 +0.29 0.61 £ 0.06 55.6 5.5 1.13 +£0.03 0.36 +0.02
Mean -H 81.9 + 3.7 AB 5.01 + 0.31B 0.57 + 0.07 B 53.6 =3.9B 1.13 = 0.03 A 0.35 1+ 0.02 B
Full D10 853+ 1.5 5.55 + 0.26 0.75 £+ 0.05 604 +2.3 1.14 £ 0.04 0.38 +0.02
Full D20 81.3+23 5.09 +0.36 0.62 £+ 0.02 573 +2.8 1.12 £0.03 0.36 £ 0.03
Full D30 86.5+ 1.5 5.74 + 0.27 0.77 £ 0.09 66.9 + 3.0 1.12 + 0.04 0.42 +£0.03
Mean -F 844+ 28A 5.46 + 0.39 A 0.71 + 0.09 A 615+ 48 A 1.13 + 0.04 A 0.39 + 0.03 A
Mean -D10 83.7 +28a 532+ 0.35a 0.66 + 0.11 a 56.8 & 4.7b 1.14 +0.03 a 0.37 & 0.03 ab
Mean -D20 80.2 +£3.0b 491+032b 0.57 + 0.07 b 54.7+39b 113+ 0.04a 0.35 + 0.03 b
Mean -D30 85.6 +23a 5.47 + 0.38 a 0.69 + 0.11a 612+ 74a 112+ 0.03 a 0.39 + 0.04 a
Rate ns * * * ns *
Depth * * * * ns ns
Rate x Depth ns ns ns ns ns ns
LD CK 87.0 £2.0B 495+ 0.26 B 0.47 + 0.02C 358 +3.0B 0.60 £ 0.02 C 0.11 + 0.01 B
Half D10 93.0 £ 3.5 5.50 +0.22 0.57 £ 0.07 37.6 +2.1 0.63 = 0.02 0.12 £0.01
Half D20 91.0 £ 6.0 5.29 + 045 0.49 +0.05 354+22 0.62 + 0.01 0.11 +£0.01
Half D30 93.3+45 5.64 + 0.26 0.62 + 0.07 39.7+21 0.68 + 0.02 0.12 £ 0.01
Mean -H 92.4 + 4.3 AB 548 +£ 032 A 0.56 + 0.08 B 37.6 = 2.6 B 0.64 = 0.03 B 0.12 £+ 0.01 B
Full D10 970+ 44 5.79 +£0.29 0.71 +0.05 457 £ 1.2 0.65 = 0.02 0.15 £ 0.01
Full D20 923+76 5.50 +0.28 0.64 £+ 0.06 4234+ 3.1 0.66 4+ 0.01 0.13 £0.01
Full D30 99.0 +4.6 5.93 + 0.39 0.81 + 0.09 50.0 +2.7 0.71 £ 0.01 0.16 + 0.02
Mean -F 96.1 £ 58 A 574 + 0.34 A 0.72 +0.10 A 46.0 = 4.0 A 0.67 £ 0.03 A 0.15 + 0.02 A
Mean -D10 95.0 +4.1a 5.64 + 0.28 a 0.64 & 0.09 ab 41.6 £4.7a 0.64 £+ 0.02 b 0.14 + 0.02 ab
Mean -D20 91.7 £ 6.2a 5.40 + 0.35a 0.56 + 0.09 b 388+ 45b 0.64 £+ 0.02b 0.12 + 0.01 b
Mean -D30 96.2 +5.1a 579 + 034 a 0.71 4+ 0.13 a 448+ 6.1a 0.69 + 0.02a 0.14 + 0.02 a
Rate ns * * * * *
Depth ns ns * * * *
Rate x Depth ns ns ns ns ns ns

LG, Lingao; LD, Ledong; LAI, leaf area index; RDMA, root dry matter accumulation; TRL, total root
length; MRD, mean root diameter; TRSA, total root surface area. CK, residue removal; H and F
denote half-rate (10 t hafl) and full-rate (20 t hafl) residue burial, respectively; D10, D20, and D30
denote burial depths of 10, 20, and 30 cm under the ridge, respectively. Data are presented as means
=+ SD (n = 3, per treatment). For each site, the two-way ANOVA results are presented in the last three
rows; * indicates p < 0.05; ns, not significant. Rate, burial rate (R); Depth, burial depth (D); R x D,
interaction between R and D. For statistical comparisons (Fisher’s LSD), different lowercase letters
indicate significant differences among burial depths (p < 0.05); different uppercase letters indicate
significant differences among burial rates and the CK (p < 0.05).

The mean MRD at the F level was significantly greater than that at the H level and
in the CK at Ledong; the mean MRD under D30 was significantly higher than that under
D10 and D20, whereas no significant differences were observed at Lingao. In addition, the
MRD at Ledong was lower overall than that at Lingao.

As shown in Figure 3, at both sites, the burial depth significantly affected the Chl a
content, generally following a pattern of D30 ~ D10 > D20; the burial rate significantly
affected the Chl b content, with a pattern of full-rate > half-rate. Compared with the CK,
nearly all URRB treatments significantly increased Chl a, Chl b, Car, and the Chl a/Chl b
ratio. Chl a content at D30 was significantly higher than that at D20 and in CK, but did not
differ significantly from that at D10. Across two sites, FD30 resulted in the greatest increase
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in Chl a and Chl b, and Chl a content under FD30 was significantly greater than that under
FD20, HD20, and the CK. Notably, photosynthetic pigment contents were higher at Lingao
than at Ledong.
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Figure 3. Photosynthetic pigment contents (based on fresh weight) in pineapple leaves at the active
vegetative growth stage at two sites under different treatments. (a) Chl a at Lingao; (b) Chl a at
Ledong; (c) Chl b at Lingao; (d) Chl b at Ledong; (e) Chl a/Chl b ratio at Lingao; (f) Chl a/Chl
b ratio at Ledong; (g) Carotenoids at Lingao; (h) Carotenoids at Ledong. Data are presented as
means £ SD (n = 3). Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids. The two-way
ANOVA results are shown in the upper-left corner of each panel. Rate, burial rate (R); Depth, burial
depth (D); R x D, interaction between R and D. * indicates p < 0.05; ns, not significant. CK, residue
removal; HD10, HD20, and HD30 denote half-rate residue burial at 10, 20, and 30 cm depth under the
ridge, respectively; FD10, FD20, and FD30 denote full-rate residue burial at 10, 20, and 30 cm depth
under the ridge, respectively. For statistical comparisons (Fisher’s LSD), different uppercase letters
indicate significant differences among burial depths and CK (p < 0.05); different lowercase letters
indicate significant differences among all treatments (p < 0.05). The horizontal lines above the bars
indicate comparisons between different burial rates at the same burial depth (p < 0.05).
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3.3. Dry Matter and Nutrient Accumulation

As shown in Figure 4, compared with the CK, almost all URRB treatments increased
ADMA and N, P, and K accumulation at both sites, and these responses generally strength-
ened with increasing burial rate. At maturity, both ADMA and N accumulation were
significantly greater under FD30 than under FD20, HD20 and the CK. Notably, compared
with the CK, both HD20 and FD20 resulted in lower N accumulation, although the dif-
ferences were not significant. FD30 exhibited the highest P and K accumulation, which
were significantly higher than those in the CK, HD20, and FD20, exceeding those under
FD20 by 10.8% and 14.8% on average for P and K accumulation, respectively. In addition,
K accumulation was greater at Lingao than at Ledong, whereas P accumulation was lower
at Lingao than at Ledong.

—0O—CK HD10- = HD20-w HD30 FD10—&— FD20—&—FD30

Lingao Ledong
b

40

30

Plant ADMA

Plant N

tha!
o
S

Plant P

0.021

0.00
0.60

0.40

Plant K

0.201

I

0.00

0 100 200 300 400 500 0 100 200 300 400 500
Days after transplantation

Figure 4. Dynamics of aboveground dry matter and nutrient accumulation in pineapple plants at
different growth stages under different treatments at two sites. (a) ADMA at Lingao; (b) ADMA at
Ledong; (c) plant N at Lingao; (d) plant N at Ledong; (e) plant P at Lingao; (f) plant P at Ledong;
(g) plant K at Lingao; (h) plant K at Ledong. Data are presented as means &= SD (n = 3). ADMA, N, P,
and K denote the accumulation of aboveground dry matter, nitrogen, phosphorus, and potassium,
respectively. CK, residue removal; HD10, HD20, and HD30 denote half-rate residue burial at 10, 20,
and 30 cm depth under the ridge, respectively; FD10, FD20, and FD30 denote full-rate residue burial
at 10, 20, and 30 cm depth under the ridge, respectively. Vertical bars in each panel indicate the least
significant differences at p < 0.05 (Fisher’s LSD).
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3.4. Fruit Yield and Quality

At both sites, both the burial rate and burial depth had significant main effects on yield
(Figure 5). The yields at the D30 and D10 levels were significantly greater than those in
the CK. Compared with the CK, D30 significantly increased the yield by 15.1% on average.
With respect to the burial rates, the yield at the F level was significantly greater than that
at the H level and in CK, with average increases of 8.2% and 13.8%, respectively. FD30
resulted in the greatest yield, which was significantly greater than in the other treatments
except for FD10. Compared with FD20 and CK, FD30 significantly increased yield by 12.3%
and 20.1%, respectively, on average.

With respect to fruit quality, although the main effects of most factors were not
significant, separate mean comparisons revealed that compared with their respective values
in CK, the soluble sugar content at Lingao and the TSSs at Ledong increased significantly
at the F level (Table 2). Both half- and full-rate residue burial significantly increased fruit
vitamin C concentration relative to the CK, with an average increase of 21.1%; FD30 showed
the largest increase, at 25.3%.

Table 2. Quality indicators of pineapple fruits under different treatments at two sites.

Site Burial Rate Burial Depth TSSs TA TSS/TA Soluble Sugar Vitamin C
°Brix g100g~! g100g~! mg 100 g
LG CK 152+ 1.2A 0.48 +0.04 A 31.6 £ 42A 13.8 £ 0.3 B 24.0 £ 09B
Half D10 154 £1.0 0.54 £ 0.05 289 +4.1 17.6 £0.5 29.6 22
Half D20 15.6 £ 0.4 0.50 £ 0.04 31.0+18 16.5+£0.9 28.6+27
Half D30 157+ 0.1 0.54 £ 0.06 29.1+£29 15.6 0.3 30.1+£23
Mean -H 155+ 0.6 A 0.53 +0.05 A 29.7 £29A 16.5+ 1.0 A 294 +22A
Full D10 151+£09 0.53 +0.03 28.8+28 175 +£1.9 31.1+20
Full D20 150 £04 0.56 £ 0.05 269+ 1.8 160+£1.2 31.0+0.6
Full D30 157+ 15 0.53 £ 0.02 293 +£1.9 159+ 17 30.6 £3.5
Mean -F 153+ 09 A 0.54 4 0.03 A 283 +22A 165+ 1.6 A 309+20A
Mean -D10 153+ 09a 0.53 = 0.04 a 28.8 £ 3.2a 175+ 1.2a 303+21a
Mean -D20 153+ 05a 0.53 £ 0.05a 28.9+28a 16.2 £ 1.0 ab 29.8+22a
Mean -D30 15.7 =09 a 0.54 £ 0.04 a 29.2+22a 158 +1.1b 304 +26a
Rate ns ns ns ns ns
Depth ns ns ns * ns
Rate x Depth ns ns ns ns ns
LD CK 149+ 04 B 0.33 £ 0.03 A 448 +27A 9.7+ 09A 18.8 = 1.7B
Half D10 153 £04 0.35 £ 0.01 434423 112+£08 204414
Half D20 1554+ 05 0.34 £ 0.03 452 +£29 10.0£ 03 222+£21
Half D30 15.6 £ 0.4 0.37 £ 0.02 422+£23 11.6+12 224+£20
Mean -H 15.5 + 0.4 AB 0.36 = 0.02 A 43.6 26 A 109+ 1.0A 21.7 £19A
Full D10 164 £0.8 0.35 £ 0.01 473+26 109 £0.7 213409
Full D20 159 £0.5 0.35 £+ 0.03 455422 113 +£1.0 211414
Full D30 16.1+04 0.38 £ 0.04 425+41 102+ 1.0 231+£21
Mean -F 16.1 £ 05A 0.36 + 0.03 A 451+ 34A 10.8 £ 0.9 A 21.8 £ 1.6 A
Mean -D10 158+ 0.8a 035+ 0.01a 454+30a 11.1+0.7a 208+ 12a
Mean -D20 157 £ 0.5a 0.35+0.03a 453+ 23a 10.7+09a 21.7 £ 17a
Mean -D30 158 +0.4a 0.38 £0.03 a 424+30a 109 +1.2a 227+ 19a
Rate ns ns ns ns ns
Depth ns ns ns ns ns
Rate x Depth ns ns ns ns ns

LG, Lingao; LD, Ledong; TSSs, total soluble solids; TA, titratable acidity; CK, residue removal; H and
F denote half-rate (10 t ha_l) and full-rate (20 t ha_l) residue burial, respectively; D10, D20, and D30
denote burial depths of 10, 20, and 30 cm under the ridge, respectively. Data are presented as means
=+ SD (n = 3, per treatment). For each site, the two-way ANOVA results are presented in the last three
rows; * indicates p < 0.05; ns, not significant. Rate, burial rate (R); Depth, burial depth (D); R x D,
interaction between R and D. For statistical comparisons (Fisher’s LSD), different lowercase letters
indicate significant differences among burial depths (p < 0.05); different uppercase letters indicate
significant differences among burial rates and the CK (p < 0.05).
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Figure 5. Pineapple fruit yield under different treatments at Lingao (a) and Ledong (b). Data
are presented as means £ SD (n = 3). CK, residue removal; H and F denote half-rate and full-
rate residue burial, respectively; D10, D20, and D30 denote burial depths of 10, 20, and 30 cm
under the ridge, respectively. The two-way ANOVA results are shown in the upper-left corner of
each panel; * indicates p < 0.05; ns, not significant. Rate, burial rate (R); Depth, burial depth (D);
R x D, interaction between R and D. For statistical comparisons (Fisher’s LSD), * indicates significant
differences between burial rates (p < 0.05); different uppercase letters indicate significant differences
among burial depths and the CK (p < 0.05); different lowercase letters indicate significant differences
among all treatments (p < 0.05). The horizontal lines above the bars indicate comparisons among
different burial rates at the same burial depth (p < 0.05).

3.5. Correlation and Path Analysis

At both sites, both the yield and ADMA were significantly positively correlated with
RDMA, TRL, TRSA, LAI, Chl a, Chl b, Car, plant N, P, and K (Figure 6). In turn, plant N, P,
and K were positively correlated with soil available N, P, and K, whereas soil available N
and available P were significantly positively correlated with soil pH and SOC.

The PLS-PM yielded goodness-of-fit (GoF) values of 0.72 and 0.70 at Lingao and
Ledong and explained 54% and 76% of the variation in yield at Lingao and Ledong,
respectively (Figure 7). Significant positive direct associations were identified between
soil pH and nutrient availability, nutrient availability and root growth, root growth and
nutrient uptake, and nutrient uptake and photosynthetic pigments at both sites (Table S2).
At both sites, the indirect association between soil pH and nutrient uptake was significant.
The direct association between nutrient uptake and yield was significant at Ledong, but
not at Lingao. Nevertheless, the total effects of nutrient uptake on yield were positive and
significant at both sites (Lingao: = 0.706, 95% CI [0.417, 0.883]; Ledong: = 0.869, 95% CI
[0.750, 0.935]). The direct association between photosynthetic pigments and yield was not
significant at either site.
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Figure 6. Heatmap of Pearson correlations among pineapple growth traits and soil properties at
two sites (n = 21). LAI, leaf area index; ADMA, aboveground dry matter accumulation; RDMA, root
dry matter accumulation; TRL, total root length; MRD, mean root diameter; TRSA, total root surface
area; TSSs, total soluble solids; Plant N, P, and K denote plant nitrogen, phosphorus, and potassium
accumulation, respectively; soil BD and soil pH denote mean soil bulk density and pH across the soil
profile; available N, P, K, and SOC denote the stocks of available nitrogen, phosphorus, potassium,
and soil organic carbon, respectively.
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0.25 | 0.37 | 043

N P K
0.35]0.38 | 0.34

R!=0.74

Figure 7. Partial least squares path model (PLS-PM) linking soil pH, nutrient availability, root growth,
photosynthetic pigments, nutrient uptake, and yield (n = 21) at Lingao (a) and Ledong (b). Rectangles
represent latent variables, with corresponding manifest variables and their weights listed inside. The
arrows indicate hypothesized pathways. The numbers on the arrows indicate standardized path
coefficients (B). * indicates a direct path whose bootstrap 95% confidence interval excludes zero.
Arrow width is proportional to the value of B. Indirect effects and total effects on yield are reported
in Table S2. AN, AP, and AK denote the stocks of available nitrogen, phosphorus, and potassium,
respectively. RDMA, root dry matter accumulation; TRL, total root length; TRSA, total root surface
area; N, P, and K denote total nitrogen, phosphorus, and potassium accumulation in pineapple plants,
respectively; Chl a, Chl b, and Car denote chlorophyll a, b, and carotenoids, respectively.
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4. Discussion

When residue is incorporated into soil, its low density can dilute the mineral soil
matrix and thereby reduce soil bulk density [24,40], a pattern also observed here, especially
in the 0-20 cm soil layers (Figure 1). However, this physical effect is likely to weaken
as the incorporated residue decomposes. Given the rapid decomposition of pineapple
residue under tropical conditions [31], differences in bulk density were already minimal
at pineapple maturity (480 days after residue burial), particularly at the warmer Ledong
site. As the residue decomposed, it released base cations (e.g., CaZ*, Mg2+, and K*) [11]
and supplied organic inputs, increasing the dissolved organic carbon and the abundance
of negatively charged functional groups (e.g., -COO™ and R-O") that neutralize H* [41].
Consistent with these mechanisms, nearly all treatments increased the soil pH and SOC
across the 0-60 cm profile (Figures 1 and S3). Notably, full-rate residue burial did not
result in significantly higher soil pH or SOC content than half-rate residue return did.
One plausible explanation is that greater residue inputs may trigger a positive priming
effect, thereby accelerating native SOC mineralization and ultimately offsetting part of the
added C [42], but further verification is needed. Increasing the residue burial rate did not
lead to a further significant increase in soil pH, and the underlying mechanisms warrant
further investigation.

In contrast, burial depth influenced both the magnitude of the soil property responses
and their distribution across soil layers. At the 30 cm depth, temperature fluctuations
may be smaller and O, diffusion more restricted, which could in turnslow mineralization
and favor SOC stabilization [43,44]. Deep placement may also disrupt the plow pan,
reduce penetration resistance, and promote deeper rooting, thereby increasing root biomass
and root-derived C inputs [45,46]. In this study, SOC content and SOC stock increased
with burial depth, with the D30 level (particularly FD30) showing the highest values
(Figures 2 and S3), in line with reports that deep residue incorporation enhances subsoil C
stabilization [47,48]. However, the reasons for the consistently lowest soil pH at D20 warrant
further investigation. Overall, soil properties were more sensitive to the burial depth than
the burial rate. Notably, the vertical distribution of available nutrients differed between
Ledong and Lingao (Figure S3). These spatial patterns may be associated with differences
in soil texture and nutrient retention characteristics between the sites (Table S1) [49,50].

In addition to improving soil conditions, pineapple residue is a potential source of
essential nutrients, including N, P, K and other secondary and micronutrients [7]. After
incorporation, these nutrients are progressively released during residue decomposition,
thereby increasing available nutrients in the soil [51]. Residue burial may also reduce
nutrient leaching by increasing soil pH and physical retention and chemical sorption,
thereby enhancing soil nutrient retention and availability [52,53]. Although this process
was not directly assessed in the present study, URRB increased the contents of available
N, P, and K within the residue-incorporated soil layers (10-30 cm) at harvest at both sites,
with full-rate residue return generally exceeding half-rate (Figure S3). Nutrient stocks
followed the same pattern, and soil pH was positively correlated with available N, P, and K
(Figure 6). Across burial-depth levels, the D30 level resulted in significantly higher N, P, and
K contents and stocks than the D10 and D20 levels did. This depth effect may be related
to differences in residue decomposition and nutrient release under contrasting burial
conditions, because changes in the soil environment with burial depth could influence
residue decomposition rate and thus may affect nutrient release [54]. If deeper burial
slowed these processes, nutrient supply might be prolonged and better aligned with crop
demand. However, decomposition and nutrient release dynamics were not measured
in this study, so this explanation remains hypothetical. In contrast, at the 20 cm depth,
soil temperature and aeration may have been relatively favorable for microbial activity,
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potentially accelerating residue decomposition and nutrient cycling, while also increasing
microbial N immobilization [55,56]. This provides a plausible explanation for the lower
available N and the relatively constrained pineapple growth and nutrient accumulation at
the D20 level (Table 1 and Figure 4), with plant N accumulation even lower than that in
the CK. Overall, these depth-dependent responses suggest that the effects of residue burial
management are site- and system-specific. In tropical cultivation systems, distinct climate
and soil conditions may reshape decomposition dynamics and nutrient release patterns,
whereas cultivation systems that have a long growth duration may be better matched to
regimes that promote slower decomposition and a more sustained nutrient supply.

Residue return not only directly supplies additional nutrients carried by the residue,
but also can improve the availability of native soil nutrients such as phosphorus [12,57]. In
this study, compared with residue removal, URRB generally increased soil pH, and soil
pH was positively correlated with the soil available P stock across the two sites (r > 0.5,
p < 0.05) (Figure 6). Path analysis also identified a significant positive association between
soil pH and nutrient availability at both sites (f = 0.591 and 0.515 at Lingao and Ledong,
respectively (Figure 7 and Table S2). These findings are consistent with a potential role of
soil pH in nutrient availability under URRB, although the underlying mechanism was not
directly tested.

Residue return has been reported to improve root growth and root system architecture
and increase mycorrhiza-mediated nitrogen uptake [16,25,58]. Consistent with this, we
observed that at the full-rate level, the RDMA, TRL, and TRSA were significantly higher
than those in CK. Notably, the RDMA was comparable between the two sites, whereas the
TRL and MRD differed markedly (Table 1), which may be related to the difference in soil
texture [59,60]. In addition, lower P availability at Lingao may have induced root extension
to enhance P acquisition, thereby resulting in greater TRL [61].

The D30 level likely facilitated loosening of the plow pan, enabling a deeper and
more extensive root distribution and producing the greatest increases in root traits [45].
These traits were significantly positively correlated with available N, P, and K stocks and
with plant N, P, and K accumulation (Figure 6). Within the specified model, nutrient
availability showed a significant positive indirect association with plant nutrient uptake
through root growth at both sites, whereas the corresponding direct associations were not
significant (Figure 7 and Table S2). These results support a statistical pathway linking
nutrient availability, root growth and nutrient uptake, but do not establish root growth as a
causal mediator. In this study, plant N, P, and K accumulation was generally greater under
full-rate residue burial than under half-rate (Figure 4). Accordingly, the full-rate residue
burial resulted in significant increases in the leaf number, LAI, and Chl a, Chl b, and Car
contents, compared with CK (Table 1 and Figure 3). Similar responses have been reported
in related studies [15,62,63]. In addition, residue burial significantly increased the vitamin
C content without affecting the TSS/TA ratio (Table 2), further suggesting that URRB has
the potential to enhance pineapple nutritional quality.

Correlation analysis revealed that leaf traits and photosynthetic pigment contents
were significantly positively correlated with plant nutrient accumulation, dry matter accu-
mulation, and yield (Figure 6). Path analysis further identified significant positive direct
associations between soil nutrient availability and root growth and between root growth
and plant nutrient uptake, together with a significant positive total effect of nutrient uptake
on yield (Figure 7 and Table S2). Taken together, these results suggest that URRB may
stimulate root growth, promote nutrient uptake and support pigment synthesis and leaf
area expansion. This, in turn, may enhance light interception and carbon assimilation
efficiency, resulting in greater biomass production and yield, although the increases in
photosynthetic pigment concentrations do not necessarily mean greater carbon assimilation
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efficiency. The observed improvements in plant growth and yield are consistent with
previous studies [62,64].

Overall, slower residue decomposition, a more sustained nutrient supply and reduced
nutrient leaching are potential explanations for the favorable soil and plant responses
under FD30. However, residue decomposition, nutrient release dynamics and leaching
losses were not measured in this study, and these mechanisms require direct verification in
the future. Regardless, FD30 resulted in the greatest dry matter accumulation and yield.
Therefore, under the conditions of the present study, full-rate residue burial at the 30 cm
depth under the ridge appears to be the most promising sustainable residue management
option for improving both crop productivity and soil fertility.

5. Conclusions

Our results indicate that URRB is an effective practice for improving soil fertility
and pineapple yield in tropical pineapple fields. The burial rate and burial depth had
significant main effects on several soil properties and plant traits, but their interaction was
not significant. The full-rate return generally outperformed the half-rate return, and the
30 cm depth under the ridge was the optimal burial depth under the conditions of the
present study. Full-rate residue burial at a 30 cm depth under the ridge can be considered
an effective strategy for improving soil fertility and sustaining pineapple productivity in
tropical production systems. These findings highlight the importance of both the burial
rate and burial depth for maximizing the benefits of residue burial management.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy16212095/s1, Figure S1: Air temperature and precip-
itation during the pineapple growth period at two sites; Figure S2: Schematic diagram of under-
ridge residue burial and representative field photographs of pineapple under different treatments;
Figure S3: Soil organic carbon and available nutrient contents in different soil layers under
different treatments at two sites; Table S1: Initial soil physicochemical properties at two sites;
Table S2: Standardized direct and indirect effects and total effects on yield from the PLS-PM at
two sites.
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