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Abstract: In order to make better use of the vast sugarcane leaf straw resources and reduce the
overuse of chemical fertilizers in the subtropical red soil region of Guangxi, this study aimed to
determine the effects of sugarcane leaf return (SLR) and fertilizer reduction (FR) on maize growth,
yield component and yield, and soil properties. A pot experiment with three SLR amounts (full
SLR (FS), 120 g/pot; half SLR (HS), 60 g/pot; and no SLR (NS) with three FR levels including full
fertilizer (FF), 4.50 g N/pot, 3.00 g P2O5/pot, and 4.50 g K2O/pot; half fertilizer (HF), 2.25 g N/pot,
1.50 g P2O5/pot, and 2.25 g K2O/pot; and no fertilizer (NF)), without nitrogen, phosphorous, and
potassium added, was conducted to assess the effects of different SLR amounts and chemical FR
levels on maize growth, yield, and soil properties. Compared with no sugarcane leaf return and the
no-fertilizer treatment (CK), SLR and FR could increase maize plant height, stalk diameter, number of
fully developed maize plant leaves, total leaf area and chlorophyll content, soil alkali–hydrolyzable
nitrogen (AN), available phosphorus (AP), available potassium (AK), soil organic matter (SOM), and
electrical conductivity (EC). The maize yield component factors of FS and HS were higher in NF
treatment than those in NS treatment. The relative increase rate of treatments retained FF/NF and
HF/NF under FS or HS condition on 1000 kernel weight, ear diameter, plant air-dried weight, ear
height, and yield than that under NS condition. FSHF had not only the largest plant air-dried weight
but also the highest maize yield (3225.08 kg/hm2) among nine treatment combinations. The effects
of SLR on maize growth and yield and soil properties were lower than those of FR. SLR and FR
combined treatment did not affect maize growth but affected maize yield significantly. Soil properties
improved more with SLR + FR treatment than with SLR or FR application alone. The plant height,
stalk diameter, number of fully developed maize plant leaves, and total leaf area, as well as AN, AP,
AK, SOM, and EC levels in soil, were enhanced by SLR and FR incorporation. The experimental
results indicated that applying reasonable FR combined with SLR increased AN, AP, AK, SOM, and
EC, which improved maize growth and yield and enhanced soil properties in red soil. Hence, FSHF
might be a suitable combination of SLR and FR.

Keywords: fertilizer reduction; maize growth and yield; red soil; soil properties; sugarcane leaf return

1. Introduction

Sugarcane is cultivated widely in southern China, and China is the fourth-largest sug-
arcane producer in the world, following Brazil, India, and Thailand [1]. Guangxi Zhuang
Autonomous Region (Guangxi) is the biggest sugarcane-producing province in China, con-
tributing 60–70% to the nationwide sugarcane production [2,3]. About 8.9–14.8 million tons
(Mt) of sugarcane leaf residues are produced in Guangxi annually. The N, P2O5, K2O and
organic C content of sugarcane leaf residues were recorded as 15 g/kg, 2.3 g/kg, 5.5 g/kg
and 500 g/kg [4–6], respectively. It follows that it should contain 180,000 t, 27,600 t, 66,000 t
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and 6.0 million t of N, P2O5, K2O and organic C per year respectively, which is equivalent
to 391,000 t, 230,000 t and 110,000 t of urea (N46%), calcium superphosphate (P2O5 12%),
potash chloride (K2O 60%) fertilizers and 15.0 million t organic fertilizer (organic content
40%), respectively. Most sugarcane leaf residues are discarded or burned on the spot in
the harvest season, which is the main way to get rid of leaf residues in Guangxi, because
of the lack of effective resources and industrial utilization. However, discard or burning
of sugarcane leaves could cause serious problems such as air pollution, greenhouse gas
emission [7], nutrient loss [8], fire and traffic accidents, and so on. If sugarcane leaves
residues was burned in Guangxi, approximately 24 million t CO2 and noxious gas would
be released into atmosphere per year. The rational and effective use of sugarcane leaves
resources is becoming an inevitable requirement for the sustainable development of the
Guangxi sugarcane industry.

Sugarcane leaf return (SLR) to the field has been recognized and implemented not only
as a simple, effective, and environmentally friendly practice, but also as a technique that
can enhance soil organic carbon levels and improve crop production [9,10]. Since the 1980s,
SLR has been researched in sugarcane production areas of southern China, where many
benefits of SLR have been reported [11], such as increasing sugarcane yield [9], reducing
air pollution and greenhouse gas emission [12], increasing soil carbon stocks [13] and soil
microbial activity [14], regulating soil temperature and water losses [15], enhancing nutrient
cycling [16], and preserving soil structure [17]. Therefore, the transition from burning and
discarding sugarcane residues to SLR to field cultivation system has significantly preserved
the ecological environment and improved the sustainability of the sugarcane production
chain and soil health. On the contrary, some adverse impacts of SLR have been reported,
such as a reduction in the numbers of perennial sugarcane root sprouting and yield [18,19],
increasing incidence of pests and diseases [20], difficulties in mechanized cultivation [21],
and so on. Other studies reported that the long-term straw return alone on crop yield
was similar to no fertilizer application [22,23]. Straw contains a large amount of cellulose,
hemicellulose, lignin, and other carbonaceous substances, with a high C/N ratio [24–26]
and a relatively low nutrient content. This leads to the competition of nutrient sharing
between soil microbes and crops during the straw decomposition process, affecting the
growth and yield of crops. A certain amount of chemical fertilizers should be added
to sugarcane leaf residues to promote the decomposition of the sugarcane straw and
increase the content of inorganic nutrients in the soil so as to control the C/N ratio within
a reasonable range [27]. Long-term field experiments have proved that a combination of
straw return and fertilizer can help achieve crop yield in a similar way to chemical fertilizer
alone. However, the benefits of SLR and FR combined treatment are still unclear.

Fertilization, as a common and global agricultural management strategy, is not only a
tool for enhancing crop productivity but also for improving the health of the soil ecological
environment [28,29]. China has been the world’s leading consumer of chemical fertilizers
since 1985 [30]. From 1980 (9.3 Mt) to 2012 (24 Mt), a 158% increase in fertilizer use was
associated with a 70% increase in China’s crop yield (321–547 Mt) [31], clearly indicating
a disproportionately low increase in crop yield compared with the increase in the use of
chemical fertilizers. In 2015, the average chemical fertilizer consumption was 446 kg/hm2

in China, and the average chemical fertilizer consumption per square hectometer arable
land in China was about 3.6 times higher than the world average level during the corre-
sponding period [32]. The long-term overuse of chemical fertilizers in the croplands had
numerous negative environmental impacts, such as greenhouse gas excess emission [33],
soil degradation [34], soil acidification [35], agricultural non-point source pollution [10],
decrease in soil biodiversity [36], and so on. Optimizing fertilization management practices
to minimize adverse environmental impacts while increasing crop yield is vital. Recent
studies have reported the aforementioned adverse impacts of chemical fertilizer overuse
in the absence of organic material application in farming. These adverse impacts on soil
properties jeopardized the output and sustainability of the sugarcane industry system in
Guangxi. It is necessary to reduce chemical fertilizer consumption to better achieve soil
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health and a sustainable agroecosystem [37]. Therefore, exploring the impact of fertilizer
reduction (FR) and SLR on crop growth and yield and soil properties is crucial.

Red soil is the main and typical soil type in southern China [38,39], and in Guangxi,
it covers about 107.44 × 103 km2, which accounts for 45.2% of the total land area [40]. In
Guangxi, 80% of sugarcane and other staple crops are cultivated in the subtropical red soil
region [41]. Studies on the impacts of SLR and FR combined treatment on crop growth,
yield, and soil properties are limited. The red soil in subtropical region was eroded easily
by rainfall and high temperature. The mineralization and decomposition of organic matter
in red soil was accelerated. On the one hand, lots of organic fertilizer had been used to
maintain soil fertility and avoid soil acidification; on the other hand, sugarcane leaf residues,
which mainly contain organic matter and mineral nutrition, were burned and discarded
on the spot. Hence, studying crop growth, yield, and soil properties in red soil areas is of
paramount importance; facilitating the research into and popularization of sugarcane leaf
return and fertilizer reduction in Guangxi red soil would bring remarkable social, economy
and ecological benefits. Further, studies on how to combine the use of fertilizers with SLR
to enhance crop yields and promote soil fertility are lacking. Hence, this study selected
Guangxi red soil to examine the influence of SLR and FR on maize growth, yield, and soil
properties. This study aimed to (1) analyze and compare the effects of SLR and FR on
maize growth and yield, (2) analyze and compare the effects of SLR and FR on Guangxi red
soil properties, and (3) analyze the relationships between the soil properties, crop growth,
and yield. This study also aimed to contribute to the comprehensive understanding of the
proper use of sugarcane leaf resources in southern China.

2. Results
2.1. Maize Growth

As shown in Figure 1, the average plant height after 15, 30, 45, 60, 75, and 90 days was
8.65, 17.25, 42.87, 104.57, 233.03, and 236.79 cm, with an average increase of 99.35%, 148.54%,
143.94%, 122.85% and 1.61%, respectively, in the plant height between two consecutive
observation time points. The analysis results showed that the maize plant height increased
slowly in the seedling stage (15 days), increased rapidly from 30 to 75 days, and peaked
in the filling stage. It indicated a significant effect of SLR on plant height throughout the
growth stage except seedling stage. The maize plant height was extremely significantly
affected by FR at all observation time points except after 15 days (p < 0.01). The plant height
significantly increased after 45, 75, and 90 days of combined SLR and FR treatment. In the
seedling stage, a significant difference in height was not found between different treatments.
After 30 days, the impacts of experimental treatments on plant height appeared gradually.
Except in the seedling stage, the height of the maize under the FF and HF conditions was
significantly higher than that under the NF condition (p < 0.05), especially under the NS
condition. Except in the seedling stage, under the FS and HS condition, the average plant
height increase rate under the FF and HF conditions was 37.02%, 52.68%, 92.14%, 24.13%,
and 20.41% of that under the NF condition. However, the average increase rate of plant
height under the FF and HF conditions compared with NF treatment was 65.37%, 124.80%,
192.74%, 55.23%, and 49.13%, respectively, under the NS condition. Therefore, the study
indicated that the average increase in plant height without SLR was about two times higher
than that with SLR. Under the FF and HF conditions, no statistically significant difference
was found in plant height between FS and HS conditions. However, plant height under
SLR condition was in the order FS > HS > NS.
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Figure 1. Effects of SLR and FR on plant height. Note: Bars represent means ± standard deviation
(n = 3) with different letters indicating significant differences based on LSD (p≤ 0.05). SLR, sugarcane
leaf return; FR, fertilizer reduction. The symbols in the following tables and figures are the same as
those appearing in this figure.

The changes in maize stalk diameter in the whole growth stage were as shown in
Figure 2. Except after 15 days, the effect of FR on maize stem diameter was significant
(p < 0.01). However, the interaction effect of SLR and FR combined treatment was just
opposite. In the seedling stage, the variation in stalk diameter was insignificant in all
nine treatment combinations (p > 0.05). After 15 days, the effect of experimental treatments
on stalk diameter began to appear gradually. The stalk diameter of maize plants under FF
and HF condition was highly significant than that under the NF condition (p < 0.05) after the
seedling stage except after 15 days. Under the FF and HF conditions, a significant difference
in the stalk diameter was not found between FS and HS treatments. Further, the stalk
diameter after HSFF treatment was always more significant than that after HSHF treatment;



Plants 2023, 12, 1029 5 of 28

however, the stalk diameter was more significant under FSFF treatment than under FSHF
treatment after 90 days. Under the NF condition, the maize stalk diameter under FS and
HS conditions was highly significant (p < 0.05) than that under the NS condition after
the jointing stage. Meanwhile, the maize stalk diameter was lower throughout under the
HS condition than under the FS condition. Under the FS and HS conditions, the average
increase in stalk diameter in FF and HF vs. NF was 7.35%, 47.86%, 60.12%, 44.17%, 50.63%,
and 58.77%, respectively. However, under the NS condition, the average increase rate in FF
and HF vs. NF was 9.75%, 66.41%, 122.78%, 75.76%, 95.68%, and 81.29%, respectively.
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As shown in Figure 3, no significant difference was observed in the number of fully
developed maize plant leaves among nine treatment combinations in the seedling stage.
After the seedling stage, the impact of experimental treatment on the number of fully
developed maize plant leaves started to appear gradually. The average number of fully
developed maize plant leaves was 2.99, 4.22, 4.96, 7.43, 11.48, and 9.35 after 15, 30, 45,
60, 75, and 90 days, respectively. The number of fully developed maize plant leaves was
significantly higher (p < 0.05) under the FF and HF conditions than that under the NF
condition except after 15 days. Under NF condition, the number of fully developed maize
plant leaves had SLR levels in the order FS > HS > NS in the jointing and tasseling stages.
Under the FS and HS conditions, the average increase rate in the number of fully developed
maize plant leaves under FF and HF vs. NF was 57.26%, 3.50%, 45.21%, and 29.90% after 30,
45, 60, and 75 days, respectively. Under the NS condition, the average increase rate in the
number of fully developed maize plant leaves under FF and HF vs. NF was 63.79%, 30.00%,
112.82%, and 35.58%, respectively. The analysis results of the number of fully developed
maize plant leaves in all treatments showed that FR had an extremely significant effect on
the number of fully developed maize plant leaves (p < 0.01) except seedling stage, but the
effects of SLR and combined treatment with SLR and FR were the opposite.
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The maize total leaf area in nine treatment combinations during the whole growth
stage was as shown in Figure 4. The analysis results showed that treatments had extremely
significant effects on the total leaf area, and the latter was affected by the SLR (except after
15 days) and FR (after 60 and 90 days) (p < 0.01). However, the interaction effect of SLR
and FR combined treatment on the total leaf area was not significantly different. In the
seedling stage, no significant difference was observed in the effect on the total leaf area
in all nine treatment combinations. After the seedling stage, the total leaf area under the
FF and HF conditions was more significantly affected (p < 0.05) than that under the NF
(CK) condition. Under the NF condition, the total leaf area of the maize plants among the
three SLR treatment levels was in the order FS > HS > NS. A significant difference (p < 0.05)
was observed on total leaf area among the three SLR treatment levels after 40, 60, and
75 days of sowing. The average total leaf area was 75.69, 271.76, 1097.44, 4176.29, 6565.74,
and 5536.42 cm2 after 15, 30, 45, 60, 75, and 90 days, respectively. Further, the average
increase rate in the total leaf area between two consecutive observation time points was
259.04%, 303.84%, 280.55%, 57.21%, and −15.68%, respectively. It indicated that the total
leaf area in all treatment combinations increased slowly in the seeding stage. After the
jointing stage, the total leaf area increased rapidly and peaked after 75 days. After 90 days
of sowing, the total leaf area decreased because the maize plants and leaves became senile.
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leaf return; FR, fertilizer reduction.
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The SPAD (Soil and Plant Analyzer Development) value in all nine treatment combi-
nations during the whole growth stage was as shown in Figure 5. A significant difference
in SPAD value was not observed among nine treatment combinations in the seedling stage.
The SPAD value was significantly higher (p < 0.05) under the FF and HF conditions than
that under the NF condition. Under the NF condition, the SPAD value of the three SLR
amounts was in the order FS > HS > NS. The statistical results of nine treatment showed
that FR (except seedling stage) affected SPAD value significantly (p < 0.01). SLR (after
45 and 60 days of sowing) and combined treatment with SLR and FR were found to affect
the SPAD value significantly (p < 0.05) after 30, 45, and 75 days. The increase rate in SPAD
value between two consecutive observation time points was 55.2%, 19.5%, 6.7%, 1.9%,
and 4.2%, respectively. The SPAD value increased slowly in the seedling stage. After the
jointing stage, the SPAD value increased rapidly. After 90 days of sowing, the SPAD value
was found to be stable at a certain level.
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Figure 5. Effects of SLR and FR on the chlorophyll SPAD value. Note: Bars represent
means ± standard deviation (n = 3) with different letters indicating significant differences based on
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2.2. Maize Yield Component Factors and Yield

As depicted in Table 1, the analysis results of experimental treatments on maize
yield component factors and yield showed that SLR, FR, and SLR and FR combined
treatment significantly affected the ear diameter and plant height (p < 0.05). Ten maize yield
component factors and maize yield were affected significantly by FR (p < 0.05), besides grain
yield rate and HI. A significant difference in ear height and HI was not observed among
nine treatment combinations. The reanalysis results of the effect of different experimental
treatments of maize yield component factors and yield were as shown in Table 2. The effect
of experimental treatment on four yield component factors (1000 kernel weight, number of
productive ears, ear length, and plant air-dried weight) was at the maximum in the HSFF
group. The effect of nine experimental treatments on ear diameter, rows per ear, ear height,
and grain yield rate was the highest in the HSHF group. The effect of nine experimental
treatments on ear weight per plant and maize yield was at the maximum in FSHF treatment.
The HI had the maximum value in the FSNF. Under the NS condition, the increase rate
of seven maize yield component factors (besides ear height, rows per ear, ear length, and
grain yield rate) and maize yield were higher in FF/NF than that in HF/NF. The growth
rate was obviously lower in FF/NF with FS and HS than in FF/NF without SLR (NS) in
terms of seven maize yield component factors (ear weight per plant, number of productive
ears, plant height, ear diameter, ear height, HI, and maize yield). Further, the increase
rate was obviously lower in HF/NF with FS and HS than that in HF/NF without SLR
(NS) in terms of five maize yield component factors (1000 kernel weight, plant height, ear
diameter, ear height, and maize yield). The multiple comparison results indicated that
the increase rate in FF/NF and HF/NF positively increased in terms of 10 maize yield
component factors (except HI) and maize yield, yet the increase rate in FS/NS and HS/NS
positively increased in terms of six yield component factors (ear weight per plant, number
of productive ears, plant height, ear diameter, grain yield rate, and HI). However, the
increase rate was obviously higher in FF/NF and HF/NF than that in FS/NS and HS/NS.

Table 1. Effects of SLR and FR on maize yield component factors.

Experimental
Treatment

Ear Weight
per Plant
(g)

1000
Kernel
Weight (g)

Number of
Productive
Ears

Rows per
Ear

Ear
Diameter
(mm)

Ear Length
(cm)

Plant
Air-Dried
Weight (g)

Ear
Height
(cm)

Grain
Yield Rate
(%)

Harvest
Index (%)

FSFF 198.87 ±
17.41 a

299.21 ±
16.43 ab 1.14 ± 0.18 ab 13.75 ±

1.67 ab
41.93 ±
6.29 a

18.86 ±
2.78 a

530.50 ±
58.45 ab

106.13 ±
18.58 a

54.36 ±
8.55 b 40.3 ± 5.7 a

FSHF 247.56 ±
17.45 a

281.57 ±
14.29 b 1.29 ± 0.29 a 14.00 ±

1.33 ab
40.75 ±
8.71 ab

18.26 ±
4.46 a

502.86 ±
62.26 ab

108.57 ±
12.07 a

53.32 ±
9.33 b 48.9 ± 7.9 a

FSNF 54.21 ±
7.94 cd

255.97 ±
22.33 b 0.71 ± 0.19 bc 12.00 ±

1.15 c
34.95 ±
8.52 bc

13.86 ±
2.70 b

162.86 ±
49.57 c

69.64 ±
14.47 b

47.30 ±
8.46 c 50.7 ± 8.9 a

HSFF 184.10 ±
17.34 a

383.62 ±
23.82 a 0.86 ± 0.18 abc 14.00 ±

2.53 ab
42.09 ±
7.05 a

19.93 ±
1.13 a

596.29 ±
28.85 a

108.07 ±
15.58 a

58.34 ±
9.66 ab 33.5 ± 2.9 a

HSHF 229.80 ±
15.05 a

292.69 ±
23.47 ab 1.14 ± 0.18 ab 14.50 ±

1.77 a
42.96 ±
6.50 a

19.81 ±
2.28 a

505.71 ±
25.07 ab

109.14 ±
8.17 a

66.75 ±
9.32 a 45.5 ± 5.5 a

HSNF 76.85 ±
6.82 bcd

251.19 ±
26.87 b 0.57 ± 0.13 c 12.57 ±

0.98 bc
38.14 ±
1.46 ab

12.79 ±
2.04 b

163.33 ±
34.45 c

72.86 ±
6.94 b

40.43 ±
7.35 cd 46.8 ± 9.4 a

NSFF 158.09 ±
12.14 ab

341.46 ±
21.52 ab 1.29 ± 0.19 a 14.00 ±

1.41 ab
41.54 ±
8.08 a

18.50 ±
2.14 a

560.00 ±
80.00 ab

104.14 ±
10.39 a

51.72 ±
7.21 b 36.0 ± 2.2 a

NSHF 146.94 ±
19.16 abc

304.43 ±
26.92 ab 1.00 ± 0.00 abc 14.25 ±

1.28 ab
40.56 ±
6.53 ab

18.93 ±
0.98 a

468.57 ±
66.19 b

107.64 ±
6.18 a

60.33 ±
6.09 ab 33.3 ± 5.9 a

NSNF 35.12 ±
6.83 d

247.30 ±
24.22 b 0.57 ± 0.13 c 12.57 ±

1.51 bc
29.49 ±
4.44 c

13.93 ±
3.89 b

120.00 ±
30.9 c

44.79 ±
12.03 c

40.96 ±
9.01 cd 35.5 ± 4.6 a

SLR NS NS NS NS NS NS NS <0.01 NS NS
FR <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 NS NS
SLR×FR NS NS NS NS NS NS NS <0.01 NS NS

Note: Data (mean ± standard deviations, n = 3) with different letters indicate a statistically significant difference
based on LSD (p ≤ 0.05). The symbols in the following tables and figures are the same as those in this table.

As shown in Figure 6, FR and combined treatment with SLR and FR significantly
affected the maize yield (p < 0.05). Although SLR could increase maize yield, it was not
significant. Compared with NSNF (CK), the maize yield in the FSFF, FSHF, FSNF, HSFF,
HSHF, HSNF, NSFF, and HFNS treatments was higher by 1473.42%, 2323.96%, 383.57%,
1671.73%, 1698.76 %. 323.22%, 1608.33%, and 1122.90%, respectively. The maize yield of
FSHF was 3225.08 kg/km2, which was the highest maize yield among the nine treatment
combinations. Under the FS and HS conditions, the relative increase rate of FF/NF and
HF/NF was 225.38% and 401.26%, and 318.63% and 325.01%, respectively. Meanwhile,
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under the NS condition, the relative increase rate of FF/NF and HF/NF was 1608.33% and
1122.90%, respectively. The maize yield was higher by 383.57% and 323.22% in FSNF and
HSNF than that in NSNF. The experimental results indicated that SLR treatment alone
could enhance maize yield, and the maize yield increased with FS and HS was higher than
that with NS. The effect of SLR and FR combined treatment on maize yield was higher than
that of FR and SLR application alone.

Table 2. Reanalysis results of different experimental treatments of maize yield component factor and yield.

Yield
Component Factor

Treatment
Acronyms

Maximum
Value Unit

FF/NF (%) HF/NF (%) Multiple Comparison Results

FS HS NS FS HS NS FS/NS (%) HS/NS (%) FF/NF (%) HF/NF (%)

Ear weight per plant FSHF 247.56 g 266.85 139.56 350.14 356.67 199.02 318.39 40.10 47.90 285.77 211.6
1000 kernel weight HSFF 383.62 g 16.89 52.72 38.08 10.00 16.52 23.10 −8.44 −0.05 34.73 15.51
Number of productive ears HSFF 1.29 – 60.56 50.88 126.32 81.69 100.00 75.44 22.09 10.47 77.42 83.87
Rows per ear HSHF 14.50 – 14.58 11.38 11.38 16.67 15.35 13.37 −2.24 0.35 14.94 12.37
Ear diameter HSHF 43.96 mm 19.97 10.36 40.86 16.60 12.64 37.54 3.92 8.60 22.21 20.88
Ear length HSFF 19.93 cm 36.08 55.82 32.81 31.75 54.89 35.59 −0.48 1.91 41.00 40.01
Plant air-dried weight HSFF 596.29 G 225.74 265.08 366.67 208.77 209.62 290.48 −0.97 9.78 277.24 229.41
Ear height HSHF 109.14 cm 52.40 48.33 132.51 55.90 49.79 140.32 10.16 13.06 69.98 73.72
Grain yield rate HSHF 66.75 % 14.93 44.30 26.27 12.73 65.10 47.29 25.16 4.29 55.55 21.42
Harvest index FSNF 50.7 % −20.51 −28.42 1.41 −3.55 −2.78 −6.20 34.85 19.52 −21.76 −1.52
Maize yield FSHF 3225.08 kg/hm2 225.38 318.63 1608.33 401.26 325.01 1122.90 −3.14 −29.42 941.32 695.04
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Figure 6. Effects of SLR and FR on maize yield. Note: Bars represent means ± standard deviation
(n = 3) with different letters indicating significant differences based on LSD (p≤ 0.05). SLR, sugarcane
leaf return; FR, fertilizer reduction.



Plants 2023, 12, 1029 11 of 28

2.3. Soil Properties

The results of soil TN content at the seven test times are shown in Figure 7. Treatments
with SLR (except 75 and 90 days), FR (besides 15 days), and SLR and FR combined had no
significant effect on TN. The experimental factor on TN was marginal at seven observation
time points, and the significant difference in TN among nine treatments was found merely
after 1, 60, and 75 days. The average increase rate of TN between two consecutive observa-
tion time points was −1.7%, 2.6%, −4.4%, −5.9%, −0.6%, and 6.1%. Overall, TN content
in all treatments initially varied and then leveled off at 0.80–0.86 g/kg at the end of the
growth period. TN content in FSFF was always the highest in terms of the experimental
factors at all observation time points (except 15 and 30 days). Irrespective of the kind of FR
application, average TN content in three SLR amounts at seven observation time points
(except 15 days) was in the order FS > HS > NS. Further, irrespective of the SLR content,
TN content under three FR levels was in the order FF > HF > NF. Under FR condition,
the increase in the rate of TN in FF/HF under FS and HS condition was lower than that
under NS condition, possibly because of the consumption of soil N by soil microbes and
the decomposition of sugarcane leaves.
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Soil TP content in all treatment combinations during the whole experimental period
was as shown in Figure 8. The statistical results of experimental factors on TP indicated that
FR (in the jointing and tasseling stages) had significant effects on TP (p < 0.05) (Figure 8).
Average TP content was 0.52, 0.52, 0.53, 0.53, 0.48, 0.52, and 0.48 g/kg at seven observation
time points, respectively. The average increase rate of TP between two consecutive obser-
vation time points was −0.4%, 1.7%, 0%, −8.4%, 6.7%, and −6.0%, respectively, tested in
seven time points. TP content after 1 day was higher by 7.0% than that after 90 days. TP
content fluctuated during the whole experimental period. Overall, TP content leveled off
at 0.45–0.54 g/kg at the end of the experiment, and the change trend on TP content was
similar to that on TN content. In terms of experimental factors, the increase rate of TP under
the FS and HS conditions was higher than that under the NS condition after 1, 45, 60, and
90 days. Meanwhile, irrespective of SLR treatment, TP content under three FR levels was
in the order FF > HF > NF after 30, 45, 75, and 90 days.
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As shown in Figure 9, statistical results of experimental treatments on soil TK content
indicated that SLR (except 15 days), FR, and SLR and FR combined treatments had no
significant influence on soil TK in general. At seven observation time points, the average
TK content was 8.63, 7.60, 8.49, 9.40, 9.44, 8.97, and 9.13 g/kg, receptively. The average
relative increase rate of TK between the two observation time points was −12.0%, 11.7%,
10.7%, 0.5%, −5.0%, and 1.8%, respectively. TK content fluctuated with the progress of the
experiment. From 1 to 15 days, TK content began to decline and then increased gradually
and peaked in the jointing stage. After 45 days, TK content had decreased to a certain
extent. This might be because of the consumption of soil potassium by soil microbes and
the decomposition of sugarcane leaves. For the decomposition of sugarcane leaves, the soil
K nutrient was revealed from sugarcane leaves to the soil, resulting in a gradual increase in
TK. At the end of the experiment, the average TK content was higher by 5.8% after 90 days
than that after 1 day. In terms of experimental factors, the average increase rate on FF or
HF vs. NF with SLR was higher than that without SLR after 15, 45, and 90 days, and the
average increase rate of TK in FF and HF was higher than that in NS. The average increase
rate of TK between FF/NF and HF/NF was not significant.
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Figure 9. Effects of SLR and FR on soil TK content. Note: Bars represent means ± standard deviation
(n = 3) with different letters indicating significant differences based on LSD (p ≤ 0.05). SLR, sugarcane
leaf return; FR, fertilizer reduction.
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The assay results of soil AN content for all experimental treatments during the whole
experimental stage were as shown in Figure 10. The average AN content was 75.27, 49.75,
51.44, 53.25, 52.34, 42.25, and 46.35 mg/kg after 1, 15, 30, 45, 60, 75, and 90 days, respectively.
Further, the average relative increase rate of AN between two consecutive observation
time points was −33.90%, 3.40%, 3.52%, −1.71%, −19.27%, and 9.70%, respectively. AN
content in nine treatments was the highest after 1 day compared with other observation
time points, and then declined rapidly after 15 days. From the jointing to the tasseling
stage, AN content increased gradually among nine treatments. After 75 days, AN content
in nine treatments decreased slightly and then increased to a certain extent in the ripening
stage. The descending trend of AN content was due to the increased uptake of AN in soil
with maize growth. Compared with AN content after 90 days, AN content on 1 day was
38.42% higher. Overall, AN content in nine treatments decreased gradually. Under the
FS and HS conditions, the average increase rate of AN content in FF and HF compared
with NF (CK) was 7.52%, 13.18%, 20.18%, 5.77%, 1.56%, −8.23%, and −0.317%, respectively.
Under the NS condition, the average increase rate of AN content in FF and HF vs. NF was
−2.12%, 12.17%, 7.66%, 0.76%, −20.74%, and −15.44%, respectively. The statistical analysis
results suggested that SLR and FR had a significant effect on AN (p < 0.05) after 1, 45, and
90 days and after 45 and 90 days (p < 0.05), respectively.
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The average AP content during the whole experimental period was 4.86, 3.91, 5.62,
5.11, 3.79, 4.00, and 4.98 mg/kg, respectively (Figure 11). Further, the average increase
rate of AP content between two consequent observation time points was −19.6%, 44.0%,
−9.2%, −25.9%, 5.5%, and 24.6%, respectively. The AP content on day 1 was lower by 2.5%
compared with the AP content after 90 days. Overall, the same trend of AP content was
observed in FS, HS, and NS treatments, which was in the order FH > HF > NF, and it was
more obvious after 30, 45, 75, and 90 days. Under the FS and HS conditions, the average
increase rate of AP content under FF and HF treatments vs. NF treatment was −9.45%,
166.58%, 319.45%, 103.88%, 147.39%, 134.09%, and 65.37%, respectively. Further, under
NS condition, the average relative rate of AP content increase on FF and HF vs. NF was
−16.04%, 174.01%, 305.67%, 64.48%, 301.88%, 148.50%, and 110.50%, respectively. After 1,
45, and 60 days, the average increase rate of AP content with SLR was always higher than
that without SLR. The statistical results of the effects of experimental factors on the AP
content indicated that FR had a significant effect on the AP content (p < 0.05) in the whole
growth stage. SLR and SLR and FR combined treatment had almost no significant effects
on soil AP.
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Soil AK content in all treatment combinations during the whole experimental period
was as shown in Figure 12. The average AK content was 72.72, 74.48, 67.58, 67.19, 54.96,
60.16, and 55.83 mg/kg at seven observation time points, respectively. Further, the average
increase rate of AK content between two consequent observation time points was 2.4%,
−9.3%, −0.6%, −18.2%, 9.5%, and 23.2%, respectively. The AK content after 1 day was
lower by 2.5% compared with the AK content after 90 days. Overall, the AK content
decreased gradually. Under FS and HS condition, the AK content of three FR levels was in
the order of FH > HF > NF, and it was more obvious after 15, 30, and 45 days. Under FS and
HS conditions, the average relative increase rate of the AK content on FF and HF vs. NF
was 13.90%, 74.39%, 78.65%, 31.07%, 32.26%, 26.05%, and 27.93%, respectively. Meanwhile,
under the NS condition, the average relative increase rate of AP content on FF and HF vs.
NF was −3.13%, 55.39%, 51.73%, 32.88%, 30.02%, 44.77%, and 35.23%, respectively. The
average increase rate of AK content with SLR was higher than that without SLR under
FF and HF after 1, 15, 30, and 60 days. The effects of experimental treatments on soil AK
indicated that FR had an extremely significant effect on soil AK (p < 0.01). SLR had a
significant effect on AK content (p < 0.05) after 1, 15, and 30 days. No significant interaction
effect of SLR and FR was observed on soil AK.
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Figure 12. Effects of SLR and FR on the soil AK content. Note: Bars represent means ± standard
deviation (n = 3) with different letters indicating significant differences based on LSD (p ≤ 0.05). SLR,
sugarcane leaf return; FR, fertilizer reduction.
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The effect of experimental factors on SOM content indicated that SLR and FR had
a significant effect on SOM content (p < 0.05) after 30, 45, and 75 days and after 15 and
90 days, respectively (Figure 13). However, the interaction effect of combined treatment
with SLR and FR on SOM was not observed. The average SOM content was 16.07, 14.26,
14.97, 14.42, 14.88, 15.41, and 15.51 g/kg after 1, 15, 30, 45, 60, 75, and 90 days, respectively.
Further, the average relative increase rate of the SOM content between two consecutive
observation time points was −11.3%, 5.0%, −3.7%, 3.3%, 3.6%, and 0.6%, respectively. The
SOM content on day 1 was higher by 3.5% compared with the SOM content after 90 days.
Overall, the change trend of the SOM content decreased gradually. Under the FS and HS
conditions, the SOM content of three FR levels was in the order of FF > HF > NF, and it was
more obvious after the jointing and tasseling stages. Under FS or HS condition, the average
relative increase rate of the SOM content on FF and HF vs. NF was −1.42%, −5.52%, 3.13%,
1.96%, −1.22%, 3.45%, and −4.38%, respectively. Meanwhile, under NS condition, the
average relative increase rate of the SOM content on FF and HF vs. NF was 1.75%, −7.48%,
−1.49%, −3.89%, −0.69%, 2.72%, and 0.67%, respectively. After 15, 30, 45, and 75 days, the
average increase rate of the SOM content with SLR was higher than that without SLR.
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The soil pH during the whole experimental period was as shown in Figure 14. The
effect of experimental factors on soil pH showed that SLR, FR, and SLR and FR combined
treatments had no significant effect on soil pH (p > 0.05). No significant difference in the
soil pH was observed in nine treatment combinations at all observation time points. The
average soil pH was 7.32, 7.60, 7.56, 7.56, 7.36, 7.65, and 7.67 after 1, 15, 30, 45, 60, 75,
and 90 days, respectively. Further, the average relative increase rate of soil pH between
two consequent observation time points was 3.9%, −0.5%, 0.0%, −2.6%, 3.8%, and 0.3%,
respectively. The soil pH after 1 day was lower by 4.9% than that after 90 days. Overall, the
soil pH increased slightly during the whole maize growth period. Under the FS and HS
conditions, the soil pH of the three FR levels was in the order of NF > HF > FH; under the
FS and HS conditions, the average relative increase rate of soil pH on FF and HF vs. NF
was −1.16%, −1.34%, −1.64%, −1.64%, −0.82%, −0.95%, and −0.91% at seven observation
time points, respectively. On the contrary, the average relative increase rate of the soil pH
on FF and HF vs. NF was −0.94%, −0.84%, −0.91%, −0.91%, 0.20%, 0.65%, and 0.19%
under the NS condition at all observation time points, respectively. The average increase in
soil pH with SLR was lower than that without SLR.
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Figure 14. Effects of SLR and FR on the soil pH. Note: Bars represent means ± standard deviation
(n = 3) with different letters indicating significant differences based on LSD (p≤ 0.05). SLR, sugarcane
leaf return; FR, fertilizer reduction.
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As shown in Figure 15, the effect on soil EC indicated that FR had a significant effect
on soil EC during the whole experimental period (p < 0.05) except after 75 days. SLR
(except day 1) and SLR and FR combined treatments had no significant effect on soil EC
(p < 0.05). The average soil EC was 3.56, 2.60, 2.35, 2.70, 2.35, 1.82, and 1.89 µS/cm after 1,
15, 30, 45, 60, 75, and 90 days, respectively. Further, the average relative increase rate of soil
EC between two consequent observation time points was −26.9%, −9.8%, 14.8%, −12.9%,
−22.6%, and 3.7%, respectively. Compared with soil EC on day 1, soil EC after 90 days had
decreased by 47.0%. A significant difference in soil EC in nine treatments was observed
after 0–75 days. Overall, soil EC decreased gradually, and the significant difference in soil
EC among nine treatment combinations almost disappeared at the end of the experiment.
Under FS and HS condition, soil EC of the three FR levels was always as follows: NF > HF
> FH after 1, 15, 30, and 45 days. Under the FS and HS conditions, the average relative
increase rate of soil EC on FF and HF vs. NF was 18.11%, 32.60%, 47.09%, 36.96%, 14.49%,
5.06%, and 6.01% at all observation time points, respectively. Under the NS condition, the
average relative increase rate of soil EC on FF and HF vs. NF was 18.32%, −0.84%, 32.09%,
16.50%, 14.12%, −19.96%, and −32.35% at the seven observation time points, respectively.
The average increase rate of soil EC with SLR was always lower than that without SLR.
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Figure 15. Effects of SLR and FR on soil EC. Note: Bars represent means ± standard deviation (n = 3)
with different letters indicating significant differences based on LSD (p ≤ 0.05). SLR, sugarcane leaf
return; FR, fertilizer reduction.
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2.4. Correlation Analysis between Maize Growth and Soil Properties

The correlation coefficients of maize growth and soil properties were evaluated via the
principal correlation analysis (Table 3). The pH was significantly positively correlated with
SPAD, but negatively correlated with plant height. Significantly positive correlations were
observed between plant height, stalk diameter, and number of fully developed maize leaves,
and TK, AP, and SOM. The stalk diameter and number of fully developed maize plant
leaves were significantly negatively correlated with EC. TN was significantly negatively
correlated with plant height, stalk diameter, and number of fully developed maize plant
leaves, but positively correlated with total leaf area. The correlation pattern of AK was
similar to TN.

Table 3. Correlation analysis between maize growth and soil properties.

Index pH EC TN TP TK AN AP AK SOM

Plant height −0.18 * −ns −0.24 ** ns 0.52 ** −ns 0.40 ** −ns 0.20 **
Stalk diameter ns −0.41 ** −0.34 ** ns 0.35 ** −0.39 ** 0.21 ** −0.16 * 0.31 **
Number of fully
developed maize
plant leaves

−ns −0.42 ** −0.36 ** ns 0.41 ** −0.36 ** 0.25 ** −0.22 ** 0.34 **

Total leaf area ns ns 0.21 ** ns −0.47 ** ns −ns 0.25 ** −0.18 *
SPAD 0.24 ** −ns ns −ns −0.33 ** −ns −0.43 ** −ns −0.20 **

‘−’ and ‘ns’ represent negative correlation and not significant, respectively. * p < 0.05; ** p < 0.01.

3. Discussion
3.1. Impacts of SLR and FR on Maize Growth

Dynamic changes in maize growth were important in evaluating SLR and FR perfor-
mances. In the seedling stage, the changes in all growth indexes were nearly identical.
Compared with the rest of the growth stages, maize growth rate was relatively slower in
the seedling stage and the differences between experimental treatments were not obvious.
Crop straw is a plentiful and inexpensive source of organic material, which usually affects
crop growth [42–44]. Wei et al. [45] reported that rice straw return inhibited rice plant
height, number of tillers, and biomass in the seedling stage, while it clearly improved rice
growth after the jointing stage. Sun [46] and Fang [47] concurred with this result. In this
study, plant height, stalk diameter, number of fully developed maize plant leaves, total
leaf area, and SPAD value of FS were lower than those of HS after 30 days under the NF
condition. However, this phenomenon disappeared after the jointing stage. The results of
this study were similar to those of previous studies. These results implied that the available
nutrients of sugarcane leaf residues for maize growth were needed for a certain period.
Generally, the decomposition of sugarcane leaf requires nutrients from soil; as a result, the
maize growth is suppressed in the maize seedling stage due to the high C/N ratio of sugar-
cane leaf residue and competition for soil N nutrients with sugarcane leaf decomposition.
More availability of nutrients from sugarcane leaf would accelerate maize growth as time
advances. In the present study, irrespective of the FF, HF, or NF conditions, the all-maize
growth index was invariably higher under the FS and HS conditions than that under the
NS condition after the seedling stage. This suggested that SLR significantly improved the
maize growth rate more than inhibiting it during the whole maize growth period. We
observed that the SLR’s effect irrespective of FS or HS without fertilization on maize growth
was significantly lower than that of FS and HS with fertilization. Either SLR or fertilization
could promote maize growth. Maize growth was inhibited when the plants were treated
with FS without fertilization. The results of this study were consistent with the findings
of Geng [48]. Fan [44] found that the effect of maize straw return was better on maize
root growth than that of potassium fertilizer. In the present study, significant effects were
observed with FR in terms of plant height, stalk diameter, number of five maize growth
indexes. After the maize seedling stage, the effect of FF and HF on maize growth was better
than that of NF under the FS and HS conditions. Meanwhile, the effect of HF was slightly
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lower than that of FF. The effect of FR was better on maize growth than that of SLR. This
result was different from the findings of Fan [44]. Thus, SLR with reasonable fertilization
would be the main driving factor for enhanced maize growth in SLR-treated fields.

Han [49] reported that the combined application of chemical and organic fertilizers
could increase maize fresh and dry weights significantly. In this study, two-way ANOVA
revealed that the effects of SLR or FR were significant on maize growth, while no significant
interaction effects were observed on the most growth indexes (Figures 2–7). The effect of
HSFF treatment on five maize growth indexes was higher than that of other treatments.
These results inferred that HS with FF application would be an optimized treatment
combination in pot experimental conditions.

3.2. Impacts of SLR and FR on Maize Yield Component Factors and Yield

Crop yield component factor and yield are good measurement indexes to examine the
experimental treatment performance [50,51]. Previous studies showed that a combination
of straw return and fertilizer was effective in enhancing crop yield [9,24,52]. Fan et al. [44]
argued that the effect of potassium fertilizer application on maize grain yield was better
than that of straw return alone. As observed in this study, either SLR or fertilization could
increase maize yield. The input of sugarcane leaves would reduce chemical fertilizers con-
sumption to some extent, compared with fertilizer application alone in red soil. However,
the maize yield and yield component factors in SLR condition were similar to those under
FF and HF (Tables 2 and 3). These results indicated that SLR could compensate for the nega-
tive effects of FR input on maize yield, but the effect of SLR on maize yield components and
yield was lower than that of FR, and hence SLR could not replace fertilization completely.
Previous studies showed that straw return alone resulted in grain yield similar to NF in the
long term [23], which was consistent with the results of this study. The highest yields were
obtained in the FSHF, followed by the HSHF, HSFF, and NSFF. Combined treatment SLR
and FR increased maize grain yield significantly rather than SLR application alone, which
might be because of the slow release of nutrients and low nutrient content from sugarcane
leaf [53]. In this study, the maize yield increased with SLR, and SLR and FR combined
treatment significantly increased the grain yield than optimal chemical fertilization alone.
We recommend FSHF and HSHF treatments to manage sugarcane leaf residues and FR in
maize production.

3.3. Impacts of SLR and FR on Soil Properties

Chen et al. [52] reported that straw return with chemical fertilizers did not increase
TN content, but significantly enhanced the AP and AK contents during the long-term
experiment. Liu et al. [24] indicated that TN and AN content were enhanced by wheat
straw incorporation and nitrogen application. In this study, TN content in nine treatments
was basically unchanged at most observation time points. The results showed neither SLR
nor FR altered TN content significantly throughout the observation period. The results of
this study were consistent with the findings of Chen [52]. Therefore, a small amount of SLR
and fertilizer could not affect the TN in a relatively short period.

Previous studies [54–56] suggested that straw inputs might not always increase soil
AP content. Li et al. [57] reported that straw return and earthworm inoculation could
reduce soil potassium absorption efficiency. However, Pu et al. [54] reported that maize
straw input increased soil potassium transformation except for soil AP. The results of this
study indicated that although no significant effect of SLR was observed on soil TP content,
the TP and AP content were in the order of FS > HS > NS.

Study [24] showed that the combination of straw return and nitrogen fertilizer was
an effective strategy for increasing soil AN content. Study [55] demonstrated that mineral
phosphorus fertilizer and maize straw incorporation did not decrease soil labile inorganic
potassium concentration. The study by Fan et al. [44] indicated that the impact on soil
potassium availability of the interaction of straw return and the potassium fertilizer appli-
cation was better than the effect of straw return or the application of potassium fertilizer
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alone. In this study, the interaction effect of SLR and FR on soil TK content was not found.
The conclusions of this study were not consistent with those of previous studies. It might
be due to the lower SLR and fertilization amount and a short test cycle. The contribution
of crop residues to soil properties may be significant only under large amounts of residue
return and may reach a higher available concentration to the soil. The high C/N ratio of
sugarcane leaf residues results in significant nitrogen immobilization due to increased soil
microbiological activity caused by energy input into the soil, leading to slower rates of
nitrogen release in the short term. In this study, SLR could increase soil nutrient availability,
and the effect of SLR was lower than that of FR. This may result in an increased crop
nitrogen requirement and lowered sugarcane root sprouting and yield, because sugarcane
leaves have a high C/N ratio (80–110:1) [20,58].

The correlational studies [59–61] claimed that the straw return practice was essential
to SOM accumulation. Guo et al. [62] found that wheat straw incorporation altered and
improved SOM during 30 years of field experiments. Li et al. [63] indicated that urea
fertilization increased SOM content by decreasing the decomposition of SOM and maize
straw. In this study, different effects on the SOM content were observed in nine treatments
s after 30, 45, and 60 days, and the SOM content was in the order of FS > HS > NS. Under
the NS condition, the SOM content in FF and HF was usually higher than that of NF, except
after 15 and 45 days. Some scholars did not agree with the opinion [64–66] that straw return
could increase SOM content. The reason was that organic matter application in the soil
could not affect the chemical properties and SOM quality. Straw return even supported
the mineralization process of SOM and thus led to a decrease in the SOM content. These
conflicting results might be due to the difference in soil texture, climate conditions, and
amount of organic material input, among other factors. In this study, the change trend of
the SOM content was inconsistent. It might be due to a smaller amount of SLR, and no
significant interaction effect of the SLR and FR combined treatment.

Zhang et al. [67] reported that cotton straw retention increased soil pH, whereas fertil-
ization reduced it. Ran et al. [68] indicated that straw return significantly reduced soil pH.
Chao et al. [62] argued that the long-term straw incorporation accentuated soil acidification.
In this study, SLR and FR did not significantly affect soil pH. These contradictory findings
might be due to the short-term pot experiments. Ran [68] and Song [69] reported that straw
return reduced soil EC. In this study, irrespective of FF and HF or NF, EC in the three SLR
levels was in the order of FS > HS > NS. Further, EC in the three FR levels was in the order
FF > HF > NF. The aforementioned findings could be explained by the significant effect of
FR on soil EC, but the effect of SLR was not significant. This was why the results of this
study were inconsistent with previous findings.

In this study, a significant interaction effect of SLR and FR on the soil properties index
was not found. FR had a significant effect on the TP, AP, AK, and EC. The effect of SLR
on soil properties was nominal due to low SLR and nutrient content, and hence the role
of SLR on the soil properties was ignored. Positive correlations were observed between
plant height, stalk diameter, and number of fully developed maize plant leaves with TK,
AP, SOM. This also suggested to some extent that the increase in TK, AP, and SOM could
enhance maize growth and yield.

4. Materials and Methods
4.1. Experimental Materials

The pot experiment was conducted in a plastic greenhouse (latitude: 23◦12′42′′ N,
longitude: 108◦11′07′′ E, altitude: 145 m) in the Guangxi Vocational College of Water
Resources and Electric Power, Nanning, Guangxi, China. The collected soil was red soil
(Orthic Acrisol, Food and Agriculture Organization–United Nations Educational, Scientific
and Cultural Organization system) with a soil texture of clay, derived from the experimental
station of the Guangxi Vocational College of Water Resources and Electric Power. Before
the test soil was used, it was air dried and crushed to pass through a 1.0-cm sieve and
mixed thoroughly. The initial soil properties were as follows: pH, 7.02; EC, 80.9 ms/m; soil
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organic matter (SOM), 18.0 g/kg; total nitrogen (TN) content, 1.06 g/kg; total phosphorus
(TP) content, 0.49 g/kg; total potassium (TK) content, 8.59 g/kg; alkali–hydrolyzable
nitrogen (AN) content, 81.5 mg/kg; available phosphorus (AP) content, 2.0 mg/kg; and
available potassium (AK) content, 52.0 mg/kg. The sugarcane leaves were obtained
from the sugarcane experiment station of the Guangxi Academy of Agricultural Sciences,
Nanning, Guangxi, China. Before the use of the sugarcane leaf residues, they were dried at
75°C to a constant weight and artificially chopped to a length of 1.0–2.0 cm. The properties
of the sugarcane leaves were as follows: TN, 5.56 g/kg; TP, 1.24 g/kg; TK, 4.74 g/kg; total
organic carbon content, 557.52 g/kg; and C/N ratio, 98.24.

The hybrid maize (Zea mays L.) variety, with Yidan No. 629, was selected for this study.
It is cultivated widely in South China. Maize was sown on 16 March 2022, with two seeds
per bucket, 5.0 cm apart and 2.0 cm below the soil surface. All seeds sprouted completely
on March 22. On March 25, one seedling was removed from each pot, and only the stronger
seedling was retained. The maize was harvested on June 14. The whole growth period
was 90 days from March 16 to June 14. The maize plants were irrigated artificially with the
same weight running water every time. Manual weeding and pest control for uniformity
were performed during the whole growth period.

4.2. Experimental Design

The pot experiment was set up using the randomized block design with SLR and
FR as the experimental factors. Nine treatment combinations were established, using
three different amounts of SLR (full SLR (FS), 120 g/pot; half SLR (HS), 60 g/pot; and no
SLR (NS) with three FR levels including full fertilizer (FF), 4.50 g N/pot, 3.00 g P2O5/pot,
and 4.50 g K2O/pot; half fertilizer (HF), 2.25 g N/pot, 1.50 g P2O5/pot, and 2.25 g K2O/pot;
and NF), without nitrogen, phosphorous, and potassium added, with six replications.
Maize was planted in black plastic buckets, with 30 kg of red soil added to each bucket
on an air-dried weight basis. The SLR content was calculated as 9.0 t/hm2 using the
average air-dried weight of sugarcane leaves in Guangxi [70,71], and the average surface
soil weight was 2250 t/hm2 [72]. Urea (N, 46.0%), calcium superphosphate (P2O5, 12.0%),
and potassium chloride (K2O, 60.0%) were used as nitrogen, phosphorous, and potassium
fertilizers, respectively. All fertilizers were applied with the analytical reagent and mixed
into the soil in powdered form at the beginning of the experiment, with no topdressing. The
experimental design and the nutrient input of nine experimental treatments were followed
as shown in Table 4.

Table 4. Experimental design and nutrient input of experimental treatments.

Treatment
Combination Name

Treatment
Acronyms

SLR
Content
per Pot (g)

FR Content per Pot (g)
(Fertilization Type/Weight)

Nutrient Input (g)

SLR/pot FR/pot

N P2O5 K2O N P2O5 K2O

Full sugarcane leaf return +
Full fertilizer FSFF 120.0 CO(NH2)2/9.78 + Ca(H2PO4)2/25.00 + KCl/7.18 0.68 0.15 0.56 4.50 3.00 4.50

Full sugarcane leaf return +
Half fertilizer FSHF 120.0 CO(NH2)2/4.89 + Ca(H2PO4)2/12.50 + KCl/3.59 0.68 0.15 0.56 2.25 1.50 2.25

Full sugarcane leaf return +
No fertilizer FSNF 120.0 CO(NH2)2/0 + Ca(H2PO4)2/0 + KCl/0 0.68 0.15 0.56 0 0 0

Half sugarcane leaf return +
Full fertilizer HSFF 60.0 CO(NH2)2/9.78 + Ca(H2PO4)2/25.00 + KCl/7.18 0.34 0.07 0.28 4.50 3.00 4.50

Half sugarcane leaf return +
Half fertilizer HSHF 60.0 CO(NH2)2/4.89 + Ca(H2PO4)2/12.50 + KCl/3.59 0.34 0.07 0.28 2.25 1.50 2.25

Half sugarcane leaf return +
No fertilizer HSNF 60.0 CO(NH2)2/0 + Ca(H2PO4)2/0 + KCl/0 0.34 0.07 0.28 0 0 0

No sugarcane leaf return +
Full fertilizer NSFF 0 CO(NH2)2/9.78 + Ca(H2PO4)2/25.00 + KCl/7.18 0 0 0 4.50 3.00 4.50

No sugarcane leaf return +
Half fertilizer NSHF 0 CO(NH2)2/4.89 + Ca(H2PO4)2/12.50 + KCl/3.59 0 0 0 2.25 1.50 2.25

No sugarcane leaf return +
No fertilizer (CK) NSNF 0 CO(NH2)2/0 + Ca(H2PO4)2//0 + KCl/0 0 0 0 0 0 0
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4.3. Plant Measurements
4.3.1. Maize Growth

Five parameters of maize growth, including plant height, stalk diameter, number
of fully developed maize plant leaves, total leaf area, and chlorophyll SPAD reading
value, were measured on 31 March, 15 April, 30 April, 15 May, 30 May, and 14 June
2022, respectively, with intervals of 15 days after the maize was sown (except on the
first day). Before maize tasseling, the plant height of maize was measured from the ground
to the highest point of the naturally extended leaves. After maize tasseling, the height
was measured from the ground to the tip of the spike. The stalk diameter of maize was
determined using a digital caliper (1501; AIRAJ Inc., Qingdao, China) 5 cm above the
ground. The number of fully developed maize plant leaves were counted. For each fully
developed maize plant leaf, the length and maximum width were measured using a flexible
rule, and the leaf area was estimated using the following Equation (1) [73,74]:

Leaf area = leaf length × leaf width × 0.75 (1)

The chlorophyll content of the maize plant was estimated using a Model SPAD-502
plus a hand-held chlorophyll meter (Konica Minolta Optics, Inc., Tokyo, Japan). For each
sampled maize plant, the average SPAD value of all fully developed leaves was deemed as
maize leaf chlorophyll content.

4.3.2. Maize Yield Component Factors and Yield

All maize plants were harvested after 90 days of sowing, and then the details of the dry
biomass accumulation, maize grain, straw, and root were recorded separately. The maize
biomass and the grain yield of all plants selected from the same treatment were measured
after 7 days of air drying. In this study, 10 maize yield component factors were used to
evaluate the effects of SLR and FR on maize yield component factors. All yield component
factors were analyzed statistically, including ear weight per plant, 1000 kernel weight,
number of productive ears, rows per ear, ear diameter, ear length, plant air-dried weight,
ear height, grain yield rate, and harvest index (HI). The grain yield rate was calculated for
each pot using the following Equation (2):

Grain yield rate =
air− dried kernel weight

air− dried ear weight
× 100% (2)

The HI was then calculated for each pot using the following Equation (3) [43]:

HI =
air− dried grain weight

air− dried biomass weight
× 100% (3)

The maize yield from different treatments was calculated using the corresponding
maize yield component factors.

4.4. Soil Sampling and Measurements

Soil sampling was carried out on 16 March, 31 March, 15 April, 30 April, 15 May,
30 May, and 14 June 2022, with an interval of 15 days after the maize was sown. Meanwhile,
the maize growth in all nine treatment combinations was observed and recorded (except on
day 1). Three soil cores were collected from each bucket at the same soil depths (0–10 cm).
Fresh soil samples from each bucket were mixed thoroughly to form a composite sample.
At every observation time point, 162 soil cores were collected and formed 54 composite soil
samples. The soil samples from the same treatment were replicated six times. The assay
results were based on the air-dried soil weight.

Soil pH and EC were measured using a soil:water ratio of 1:5 simultaneously. Soil
pH was determined using a glass electrode (pHS-3C; Inesa Scientific Instrument Co., Ltd.,
Shanghai, China). Soil EC was measured using a conductivity meter (DDSJ-350; Inesa
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Scientific Instrument Co., Ltd., Shanghai, China). SOM was determined by wet oxidation
using the acidified dichromate method. Soil TN content was measured using an automatic
Kjeldahl nitrogen analyzer (8400; Foss Co., Ltd., Denmark) following the manufacturer’s
protocols. Soil TP content was measured with an ultraviolet and visible spectrophotometer
(T6; Puxi Co., Ltd., Beijing, China) using the molybdenum blue method. Soil TK content
was measured using a flame photometer (FP640; Inesa Scientific Instrument Co., Ltd.). Soil
alkali–hydrolyzable nitrogen (AN) content was determined using the diffusion absorption
method. Soil AP content was extracted using 0.5 mol/L NaHCO3 solution and then mea-
sured using the molybdenum antimony-D-isoascorbic acid colorimetry method. Soil AK
content was extracted using 1.0 mol/L NH4OAc and AK and TK content were determined
using the same flame photometry technique.

4.5. Data Analysis

The maize growth, yield, and soil properties were calculated under the same SLR
condition after FR treatments (FF and HF) compared with NF treatment. The relative
increase rate for different treatments on maize growth, yield, and soil properties was
calculated using the following Equation (4):

Relative increase rate (%) =
observation value of FF or HF − observation value of NF

observation value of NF
× 100% (4)

Multivariate analysis of variance (ANOVA) was performed following the general
linear model univariate procedure using SPSS Statistics 27.0 software (IBM, NY, USA). The
two-way ANOVA was performed for different SLR and FR levels to examine their impact
on maize growth, yield, and soil properties. Significant differences between different
treatments were calculated using the least significant difference (LSD) method (p < 0.05).
The correlation between maize growth and soil proprieties was assessed via the two-tailed
significance test using the Pearson coefficient.

5. Conclusions

Both SLR and FR could enhance maize growth, yield, and soil properties to some
extent. In this study, the maize growth, yield, and soil properties were significantly
affected by FR, but not by SLR. The interaction between FR and SLR could not influence
maize growth, but ultimately affected maize yield. The effects of FR on maize growth,
yield, and soil properties were higher than that of SLR. Plant height, stalk diameter, and
number of fully developed maize plant leaves were positively correlated with soil TK,
AP, and SOM. The experimental results indicated that the application of a reasonable
amount of fertilizer combined with half SLR enhanced the growth and yield of maize and
improved soil properties. The FSHF was found to be the optimal treatment combination
in nine treatments. Future studies need to focus more on the SLR and FR combination to
understand how SLR/FR–soil interactions affect below-ground ecological processes in
agricultural ecosystems during long-term field conditions.
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