
Optimizing soil  fertility in southern China: a review
of sugarcane intercropping strategies
Wenlong ZHANG*1, Jinhua SHAO*1,2, Kai HUANG (✉)2, Limin CHEN3, Guanghui NIU3, Benhui WEI4,
Guoqin HUANG (✉)1

1 Key Laboratory of Crop Physiology, Ecology and Genetics Breeding, School of Agricultural Sciences, Jiangxi Agricultural
University, Nanchang 330045, China.

2 Guangxi Hydraulic Research Institute, Guangxi Key Laboratory of Water Engineering Materials and Structures,
Nanning 530023, China.

3 Irrigation Experiment Station of Qinzhou City, Qinzhou 535000, China.
4 Cash Crops Research Institute, Guangxi Academy of Agricultural Sciences, Nanning 530007, China.

 
*These authors contribute equally to the work

 
  KEYWORDS
Arable  land  quality,  dry  sloping  fields,
intercropping, sugarcane

  HIGHLIGHTS
● Sugarcane intercropping enhances soil quality:
intercropping systems significantly improve
soil physical properties, such as structure,
porosity, and aggregate stability, contributing
to enhanced soil health and water retention.

● Increased soil fertility through crop
interactions: sugarcane intercropping boosts
key soil nutrients, including nitrogen,
phosphorus, potassium, and organic matter,
through synergistic interactions with legumes
and green manure crops.

● Diversified microbial communities for soil
health: the practice of sugarcane intercropping
promotes microbial diversity in the
rhizosphere, enhancing soil microbial biomass,
which plays a crucial role in improving soil
fertility and agricultural productivity.

● Sustainable agricultural practices to combat
soil degradation: by reducing reliance on
monoculture and chemical fertilizers,
sugarcane intercropping mitigates soil
degradation, enhances crop yield stability, and
reduces pest and disease incidence.

● Future focus on technological integration for
sustainability: future research should focus
on optimizing intercropping patterns,
integrating water-fertilizer technologies, and
evaluating long-term impacts of intercropping

  GRAPHICAL ABSTRACT
 

  ABSTRACT
Intercropping  has  emerged  as  a  pivotal  strategy  in  modern  ecological
agriculture,  significantly  contributing  to  biodiversity  enhancement,  ecological
system services  and soil  quality  improvement.  In  light  of  global  food security
challenges  and  the  scarcity  of  arable  land,  intercropping  is  anticipated  to
become  increasingly  important  for  enhancing  farmland  quality  and  ensuring
food  security  in  China.  Current  research  primarily  highlights  the  benefits  of
intercropping in improving farmland quality and crop productivity,  with some
attention also given to its role in promoting biodiversity and ecological system
services.  However,  the  mechanisms  by  which  intercropping  specifically
enhances soil physical, chemical and biological properties to sustain long-term
soil  health  and  improve  farmland  quality  require  further  investigation.  This
review  examines  the  concept  of  sugarcane  intercropping  and  its  role  in
promoting  soil  health  and  enhancing  ecological  system  services.  It
systematically synthesizes recent research findings on the effects of sugarcane
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on soil health under varying climatic
conditions.
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intercropping  on  soil  physical,  chemical  and  biological  properties  in  southern
China.  Additionally,  this  review  outlines  future  research  directions  and
priorities for developing intercropping systems that prioritize farmland quality
improvement,  aiming  to  provide  insights  into  the  broader  value  that
intercropping in China’s strategies for farmland quality enhancement.
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1    Introduction
 
Arable land is essential for food production, and its sustainable
management is vital for long-term food security[1,2]. Economic
growth  in  China  and  rising  per  capita  income  have  increased
demand  for  food  and  agricultural  products,  putting  immense
pressure  on  the  agricultural  system  to  boost  yields  and  meet
market  needs[3,4].  This  demand  has  led  to  substantial
investments  in  land,  water  and  energy  for  crop  and  livestock
production. However, these resources are finite and cannot be
exploited  indefinitely  without  compromising  sustainability.
The  expansion  of  farmland  and  large-scale  irrigation  threaten
to overexploit  land and water resources,  further damaging the
environment  and  ecosystems[4,5].  The  rapid  economic  and
social  development  has  led  to  the  widespread  adoption  of
unsustainable  farming  practices,  such  as  the  excessive  use  of
fertilizers and pesticides, resulting in the decline of soil quality
in  agricultural  land[6,7].  In  dryland  agricultural  areas  of
southern  China,  where  farmland  is  mainly  in  mountainous
regions,  severe  soil  erosion,  nutrient  imbalances  and  reduced
soil  biota  threaten  sustainable  land  use  and  national  food
security[8].

Sugar  is  a  strategic  commodity  for  the  national  economy  and
social  development  in  China,  making  a  key  contribution  to
food  supply,  food  processing,  agricultural  development  and
national  security[9,10].  As  a  major  producer  and  consumer  of
sugar,  sugarcane  production  is  a  key  part  of  the  national
agricultural  economy,  ranking  fourth  in  both  production  and
value,  after grains,  oilseeds and cotton[11,12].  Sugar production
in  China  mainly  relies  on  sugarcane  and  sugar  beet,  with
sugarcane being the main crop. This tall,  perennial  C4 grass is
grown mainly in tropical and subtropical regions and is one of
the  principal  economic  crops  in  dry,  sloped  areas  in  southern
China. Globally, sugarcane is a key sugar crop with significant
potential  as  a  bioenergy  source[13,14].  In  southern  China,
favorable  climatic  conditions,  such  as  abundant  sunlight  and
suitable  temperatures,  create  an  ideal  environment  for

sugarcane  growth[12,14].  However,  the  development  of  the
sugarcane  industry  in  China  faces  challenges  including  low
large-scale  production,  limited  mechanization,  weak
infrastructure,  lack  of  genetic  diversity,  suboptimal  planting
and  frequent  natural  disasters.  Rising  input  and  labor  costs
have  further  diminished  farmer  enthusiasm  for  sugarcane
production[15,16].

Intercropping,  a  fundamental  practice  in  modern  ecological
agriculture,  offers  a  promising  solution  to  these  challenges.
Intercropping,  practiced  globally,  is  a  vital  technique  for
achieving  sustainable  agricultural  development.  China  has  a
long history of intercropping, with evidence dating back to the
Han  Dynasty[16].  Over  time,  this  practice  has  evolved  to
include the spatial arrangement of crops at varying heights and
the  temporal  coordination  of  early,  mid-,  and  late-maturing
cultivars, reflecting the early advancements in intercropping in
China.  As  food  demand  grows  and  arable  land  becomes
scarcer,  intercropping  will  make  a  crucial  contribution  to
enhancing  biodiversity,  ecosystem  services  and  land
productivity[17].  This  approach  has  become  a  focal  point  of
interdisciplinary research in fields such as ecology, soil science,
agronomy  and  microbiology[2].  While  current  research
primarily  focuses  on  role  of  intercropping  in  enhancing
biodiversity  and  ecosystem  services,  its  potential  to  improve
soil  quality,  especially  in  sugarcane  production,  has  received
less attention. Studies show that intercropping systems, such as
those  with  leguminous  or  cover  crops,  optimize  resource  use,
improve  soil  fertility  and  reduce  pest  pressures,  leading  to
significant  increases  in  sugarcane  productivity.  For  example,
Singh  et  al.[18] found  that  intercropping  sugarcane  with  crops
like  mustard  or  potato  enhances  soil  quality,  functional
diversity,  and overall  crop productivity  in  subtropical  regions.
Similarly,  Shukla  et  al.[19] highlighted  that  in  irrigated
agricultural  systems,  intercropping  legumes,  oilseeds,
vegetables,  grains  and  medicinal  crops  with  sugarcane  can
increase  the  yield  of  certain  crops,  improve  soil  fertility  and
support  sugarcane  growth.  Additionally,  intercropping

584 Front. Agr. Sci. Eng. 2025, 12(3): 583–595



enhances  farm  profitability,  mitigates  monsoon  risks  and
promotes  agricultural  sustainability.  These  findings  highlight
the  potential  of  intercropping  to  enhance  both  sugarcane
productivity and farmland sustainability.

This  paper  provides  an  overview  of  sugarcane  intercropping,
analyzing its crucial contribution to improving soil health and
enhancing  ecosystem  services.  It  systematically  reviews  recent
advancements  in  research  on  how  sugarcane  intercropping
influences  soil  physical,  chemical  and  biological  properties.
Additionally,  this  paper  outlines  key  research  priorities  and
challenges  for  the  development  of  intercropping  practices
focused on enhancing soil quality, particularly in the context of
agricultural strategies for improving soil conditions in the arid
slopes  of  southern China.  This  analysis  aims to  offer  practical
insights  for  promoting  the  broader  application  of  sugarcane
intercropping in sustainable land management.
 

2    Theoretical basis and significance
of sugarcane intercropping
  

2.1    Nature of intercropping
The  ecological  and  environmental  challenges  of  long-term
intensive  monoculture  have  made  the  need  for  innovative
concepts  and  approaches  to  establish  sustainable  agricultural
ecosystems  increasingly  urgent  in  modern  agriculture.
Diversified  agricultural  systems  that  integrate  species  with
distinct functional roles are essential for enhancing resilience to
growing environmental constraints, such as climate change and
water scarcity[20,21].  Recently, the rise of green and sustainable
agriculture  has  brought  intercropping  to  the  forefront  due  to
its  benefits  in  enhancing  ecological  services,  sustainable
productivity and soil quality[22].

Intercropping  involves  growing  two  or  more  crop  species
simultaneously  or  in  staggered  time  frames  on  the  same
farmland. This method optimizes the spatial and temporal use
of  light,  water,  nutrients  and  other  resources,  thereby
improving land-use efficiency and crop yields.  The synergistic
interactions among crops in intercropping systems can reduce
pests  and  pathogen  populations,  protect  and  enhance  soil
quality,  and  increase  ecosystem  stability  and
sustainability[23,24].  Intercropping  systems  function  across
temporal  and  spatial  dimensions,  embodying  complex
ecological principles and concepts including biodiversity, plant
interactions  and  soil  multifunctionality.  This  approach
increases the cropping index, stabilizes ecosystem productivity,
elevates  crop  yields  per  unit  area  and  enhances  economic

returns  to  farmers.  It  also  addresses  issues  such  as  increased
production  inputs,  soil  degradation,  inefficient  use  of  soil
nutrients  and  natural  resources  and  environmental
pollution[25].  Compared  to  monoculture,  intercropping  is
characterized  by  rich  species  diversity  and  spatiotemporal
distribution,  including  crop  combination  intensity  and  the
proportion  of  cover  crops.  These  features  are  crucial  for
optimizing  crop  production,  maintaining  soil  biodiversity,
improving nutrient use efficiency and sustaining soil health[26].
 

2.2    Sugarcane intercropping in Southern China
In  recent  years,  sugarcane  intercropping  has  become  widely
recognized  as  an  effective  production  method  in  southern
China[27,28].  Initially,  sugarcane  was  mainly  intercropped with
legumes,  including  soybeans[29–31],  mung  beans[32],
mucuna[33,34] and  peanuts[35,36].  Over  time,  this  practice  has
expanded  to  include  combinations  with  cereals  (e.g.,
maize[37–39]),  vegetables  (e.g.,  cabbage[40,41],  cucumbers[42,43],
potatoes[44–46] and  watermelons[47]),  and  green  manure
crops[48–50].  Sugarcane  intercropping  requires  advanced
agronomic  techniques.  One  common  strategy  is  alternating
wide  and  narrow  planting  rows,  with  intercrops  sown  in  the
wider  rows[51,52].  This  approach  optimizes  spatial  use  by
incorporating crops including maize, green manure and fodder
plants.  Another  method  involves  ridge  and  furrow  planting,
where  intercrops  are  grown  on  the  ridges  and  sugarcane  is
planted  in  the  furrows.  This  layout  ensures  uniform  crop
distribution,  optimizes  light  use,  and  reduces  competition
between  the  main  crop  and  intercrops,  resulting  in  higher
yields  for  both[53].  Also,  sugarcane  intercropping  demands
careful  management  and  substantial  inputs  of  fertilizers  and
water.  Therefore,  precise  agronomic  practices  are  crucial  for
achieving stable, high yields. These practices include thorough
land  preparation,  selection  of  high-quality  seeds,  timely
sowing, use of plastic mulch, and integrated water and fertilizer
management[54–56]. These measures are critical for maximizing
economic  returns  and  optimizing  land-use  efficiency.  As
agricultural  technology  advances,  the  sugarcane  intercropping
model  will  be  further  refined  to  address  challenges  related  to
climate change and limited land resources.
 

2.3    Importance of sugarcane intercropping in
promoting soil health and enhancing ecosystem
services
Maintaining healthy soil  is  essential  for improving arable land
productivity  and  is  the  foundation  of  high-quality  modern
agricultural  development[57,58].  In  a  narrow  sense,  soil  health
refers to the biological capacity of soil to support plant growth,
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particularly  by  managing  soilborne  pathogens.  Broadly,  soil
health  includes  the  capacity  of  soil  to  sustain  long-term
productivity,  maintain  clean  water  and  air,  and  support  the
health  of  plants,  animals  and  humans  in  both  natural  and
managed  ecosystems.  This  broader  perspective  highlights  the
importance  of  soil  as  a  natural  resource,  emphasizing  its
environmental  functions  and  ecosystem  services.  The
ecosystem  services  provided  by  healthy  soil  are  crucial  for
maintaining  ecosystem  productivity,  biodiversity,  and
environmental  quality[59,60].  Sugarcane  intercropping  is  vital
for improving soil  health and enhancing ecosystem services at
both  temporal  and  spatial  scales,  within  a  soil-crop-
environment  framework.  Strategically  incorporating  legumes
and  annual  or  perennial  cover  crops  into  the  intercropping
system  enhances  the  diversity  and  stability  of  agricultural
ecosystems,  improving  resource  use  efficiency  and  overall
productivity.  This  approach  enriches  soil  fertility,  reduces
soilborne  pathogens,  and  strengthens  the  overall  functionality
of  the  farmland  ecosystem[22,61,62].  In  intercropping  systems
(Fig. 1),  increased  aboveground  biodiversity  supports
belowground  biodiversity,  positively  impacting  soil  fertility.
Including  legumes,  known  for  their  soil-enriching  properties,
significantly boosts organic matter input through root systems,
increasing soil organic carbon storage and enhancing biological
nitrogen  fixation[63–65].  Also,  sugarcane  intercropping  fosters

interspecies  cooperation,  diversifies  soil  microorganisms,  and
improves  nutrient  uptake  balance,  nutrient  use  efficiency  and
soil structure[32,66,67].  This balance in biological diversity helps
reduce  pest  and  disease  incidence,  promotes  soil  health  and
increases overall system productivity[68].
 

3    Sugarcane intercropping improves
soil physical properties
 
Soil physical properties are fundamental for supporting healthy
root  growth  and  ensuring  stable,  high  crop  yields  (Fig. 2).
Sugarcane  intercropping  enhances  soil  physical  properties
through  two  main  mechanisms.  First,  the  varying  root
structures and depths of different crops improve soil structure.
Second,  incorporating  crop  residues,  either  directly  into  the
soil  or  as  mulch,  further  improves  soil  physical  properties.  Su
et  al.[32] found  that  two  consecutive  years  of  sugarcane
intercropped  with  green  manure  (mung  bean)  significantly
increased  the  content  of  mechanically  stable  aggregates  in  the
1–2  and  0.5–1  mm  ranges,  and  water-stable  aggregates  in  the
0.25–1,  1–2  and  2–5  mm  ranges,  while  reducing  aggregates
smaller  than  0.25  mm.  Also,  the  percentage  of  disrupted
aggregates  >  0.25  mm  decreased  by  8.60%–16.4%,  soil  bulk

 

 
Fig. 1    Soil quality, ecosystem stability and system production improved by sugarcane intercropping.
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density  dropped  by  2.86%–10.8%,  total  porosity  increased  by
3.65%–13.5%,  and  capillary  porosity  rose  by  26.47%–41.75%.
The  ratio  of  capillary  to  total  porosity  increased  by
20.4%–32.6%. Liu et al.[69] found that intercropping sugarcane
with  potatoes  significantly  reduced  soil  bulk  density  and
increased soil water content compared to monoculture.

Including  deep-rooted  legumes  and  cover  crops  in
intercropping  systems  can  create  biopores  (root  channels),
reduce  resistance  to  root  growth  and  enhance  the  supply  of
oxygen  and  nutrients,  thereby  improving  soil  structure[70].
Studies  indicate  that  increased  agroecosystem  productivity  in
intercropping systems is closely linked to root distribution and
density[71].  In  contrast  to  monocropping,  the  morphological
diversity of crop roots in intercropping systems contributes to
biopore formation through biological tillage, loosening the soil
and improving its structure. This not only reduces resistance to
root  penetration  but  also  regulates  the  supply  of  water  and
nutrients,  allowing  biopores  to  store  substantial  amounts  of
water  and nutrients,  facilitating  the  absorption and utilization
of  deep  soil  resources[72,73].  Also,  Sugarcane  intercropping
systems typically generate higher aboveground biomass, which
increases the organic matter returned to the soil. The inclusion
of legumes and cover crops is particularly effective in reducing
surface  runoff,  trapping  sediments  and  minimizing  soil
erosion, which are crucial for soil and water conservation in the
sloping farmlands of the hilly regions of southern China[74]. 

4    Sugarcane intercropping improves
soil chemistry properties
 
Soil  chemical  properties  are  crucial  determinants  of  soil
fertility, directly affecting crop growth, development, and yield.
The availability of soil nutrients is essential for crop health and
productivity.  Qiu  et  al.[75] examined  the  effects  of  sugarcane-
peanut  intercropping  on  root  physiology  and  rhizosphere  soil
nutrients.  They  found  that  intercropped  sugarcane  roots
secreted  significantly  higher  levels  of  total  amino  acids  and
sugars in their exudates compared to monoculture systems.

Similarly,  peanut  roots  in  intercropped systems secreted more
total sugar than those in monoculture. The rhizosphere soil of
intercropped  sugarcane  showed significantly  elevated  levels  of
alkali-hydrolyzed  nitrogen,  available  phosphorus  (AP),
available  potassium  (AK),  and  soil  organic  matter  relative  to
monoculture  sugarcane.  However,  intercropping  reduced  AP,
AK and pH levels in peanut rhizosphere soil, indicating a more
pronounced  advantage  for  sugarcane  in  this  intercropping
system.  Liu  et  al.[69] reported  that  in  a  sugarcane-potato
intercropping system, organic matter, hydrolyzed nitrogen, AP
and  AK  contents  were  significantly  increased  in  both
rhizosphere and non-rhizosphere soils  of sugarcane compared
to monoculture.

 

 
Fig. 2    Sugarcane intercropping systems improves soil physical properties.
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Additionally,  Tang  et  al.[72] found  that  sugarcane-peanut
intercropping  had  a  more  substantial  impact  on  nutrient
content in the 0–40 cm soil layer, with lesser effects observed in
the  40–60  cm  layer.  In  particular,  the  0–20  cm  layer  of
intercropped  peanut  soil  contained  significantly  higher  levels
of  available  nitrogen  and  organic  matter  than  monoculture
peanuts,  while  the  20–40  cm  layer  of  intercropped  sugarcane
soil  had higher  levels  of  total  phosphorus  and total  potassium
compared  to  monoculture  sugarcane.  Su  et  al.[32] found  that
under  varying  fertilization  conditions,  intercropping  and
incorporating  fresh  mung  bean  stems  as  green  manure  at
16–18  t·ha−1 could  effectively  increase  nitrogen,  phosphorus,
potassium  and  organic  matter  contents  in  sugarcane  soil.
Increases  in  available  nitrogen,  phosphorus,  and  potassium
ranged  from  8.84%  to  32.1%,  1.3%  to  35.6%  and  17.1%  to
37.1%, respectively,  while organic matter content increased by
14.0%–23.2%.  Total  nitrogen,  phosphorus  and  potassium
contents  also  increased  by  7.5%–5.3%,  5.7%–16.8%  and
3.6%–19.8%, respectively.
 

5    Sugarcane intercropping improves
soil biodiversity
 
Soil biodiversity is a vital indicator of soil health in arable lands
and  is  intricately  linked  to  aboveground  biodiversity[76].

Effective  agricultural  management  practices  and  cropping
systems can regulate beneficial microbial communities, thereby
enhancing  agricultural  productivity[77,78].  For  example,
practices  such  as  crop  intercropping,  relay  intercropping  and
mixed  cropping  can  modulate  soil  microbial  diversity  and
functions, leading to increased crop productivity (Fig. 3).
 

5.1    Soil microbial diversity
Long-term monoculture  often  leads  to  a  significant  decline  in
soil  microbial  biomass,  changes  in  microbial  diversity  and
imbalances in community structure. In contrast, intercropping
systems  can  enhance  soil  multifunctionality  and  microbial
diversity. Studies have shown that, compared to monocultures
of  sugarcane  and  peanuts,  sugarcane-peanut  intercropping
increases  the  numbers  of  bacteria,  fungi  and actinomycetes  in
the rhizosphere of both crops[79,80]. Tang et al.[72] found that in
a  sugarcane-soybean  intercropping  system,  microbial  biomass
nitrogen, fungal and actinomycete populations in the 0–20 cm
layer  of  intercropped  peanut  soil,  and  bacterial,  actinomycete
and total microbial quantities, and microbial biomass nitrogen
content  in  intercropped  sugarcane  soil  were  higher  than  in
monoculture  systems.  Diversified  cropping  systems  influence
soil multifunctionality by altering bacterial species richness and
community composition, thereby guiding the differentiation of

 

 
Fig. 3    Sugarcane intercropping system improves soil biology diversity and biological function.
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microbial  communities[81,82].  Zheng  et  al.[83] confirmed  the
role of intercropping in affecting the metabolic and functional
relationships  of  rhizosphere  soil  microorganisms.  Specifically,
sugarcane  intercropped  with  maize  increased  the  metabolic
functional  diversity  indices  of  soil  microorganisms,  including
Shannon  diversity  index,  Simpson  index,  McIntosh  index,
Shannon  evenness  index  and  McIntosh  evenness  index  by
10.6%,  48.4%,  43.4%,  0.2%,  and  1.7%,  respectively,  compared
with  monoculture  sugarcane.  This  suggests  that  sugarcane
intercropped with maize enhances the diversity and activity of
rhizosphere  microorganisms  and  alters  their  metabolic
functions.  Peng[84] found  that  intercropping  soybeans
disrupted  the  community  composition  and  structure  of
bacteria and nitrogen-fixing bacteria in sugarcane rhizosphere
soil, significantly increasing their diversity.
 

5.2    Soil enzyme activity
Soil  enzyme  activity  is  a  key  indicator  of  soil  biological
function.  Primary  sources  of  soil  enzymes  include  plant  root
exudates,  soil  microorganisms  and  plant  and  animal  residues.
In  sugarcane  intercropping  systems,  root  characteristics,
nutrient consumption and microbial activity vary spatially and
temporally,  creating  complex  relationships  between  soil
enzyme  activity,  nutrients,  the  rhizosphere  environment  and
microorganisms[85–87].  Tang  et  al.[72] found  that  sugarcane-
peanut  intercropping  significantly  increased  protease  activity
in the 0–40 cm soil  layer and sucrase activity in the 40–60 cm
soil  layer  of  the  peanut  rhizosphere,  while  reducing  sucrase
activity in the sugarcane rhizosphere. Pang et al.[79] found that
compared  to  monocultures  of  sugarcane  and  peanuts,
sugarcane-peanut  intercropping  increased  urease,  acid
phosphatase and catalase activities in the rhizosphere soil, with
significant  positive  correlations  between  microbial  quantity
and enzyme activity. Li et al.[88] also showed that at the peanut
flowering  stage,  urease  and  phosphatase  activities  in  the
rhizosphere soil of intercropped crops increased by 59.0% and
30.0%,  respectively,  compared  to  monoculture  sugarcane,  and
by  62.7%  and  27.5%,  respectively,  compared  to  monoculture
peanuts.  Additionally,  Hong[89] found  that  intercropping
soybeans with sugarcane significantly increased sucrase activity
during  the  seedling  and  tillering  stages.  Sucrase  activity  was
similar  across  all  treatments  during  the  elongation  and
maturity stages.
 

5.3    Soil fauna
Soil  fauna  are  integral  to  soil  biodiversity,  being  essential  for
maintaining  soil  health  and  ecosystem  functions[90].  The

structure  and  diversity  of  soil  fauna  are  closely  linked  to
changes  in  soil  physical,  chemical,  and  microbial  properties.
Soil  fauna,  through  feeding  and  non-feeding  activities,
influence  microbial  populations  and  their  biochemical
processes,  thereby affecting soil  fertility[91].  Soil  fauna serve as
reliable  indicators  of  changes  in  soil  health.  Intercropping
systems  can  increase  soil  fauna  diversity  and  density,  thereby
improving soil  fertility[92–95].  Zhao et  al.[96] found that  maize-
soybean intercropping increased the number of  phytophagous
soil  macrofauna at maturity and the number of predatory and
saprophagous  soil  macrofauna  at  the  jointing  stage  compared
to  monoculture.  The  number  of  phytophagous  and
saprophagous macrofauna increased with maize growth, while
predatory  macrofauna  also  showed  an  increasing  trend
throughout  the  maize  growth  period.  Wang[97] found  that
intercropping  oats  with  soybeans,  adzuki  beans,  potatoes  and
sweet  potatoes  increased  the  abundance  of  bacterivorous  and
fungivorous  nematodes  while  reducing  plant  parasitic
nematodes.  Additionally,  suitable  sugarcane  intercropping
strategies can enhance soil fauna diversity[98]. Soil protozoa can
alter  the  physical  structure  and  chemical  properties  of  soil
through  their  activities  and  secretions.  For  example,
earthworms  and  termites  modify  soil  structure  by  burrowing,
creating biopores  that  enhance soil  aeration and influence  the
distribution  of  organic  matter  and  humus  formation[99].
Protozoa also influence soil microbial community structure by
consuming  bacteria  or  fungi,  thus  controlling  pathogenic
microbial  communities  and  affecting  soil  organic  matter
decomposition. This, in turn, affects nutrient cycling and plant
growth[100].  Developing  sugarcane  intercropping  systems  can
alter  the  structure  and  function  of  soil  pathogenic  microbial
communities,  helping  control  soilborne  pathogens  and
maintain soil health.
 

6    Future research directions and
perspective
 
Designing  diverse  and  resilient  sugarcane  intercropping
systems  to  enhance  soil  quality  requires  the  application  of
ecological  principles  and  the  promotion  of  beneficial  crop
interactions. Integrating agricultural machinery and techniques
into  these  systems  is  essential  for  improving  productivity  and
maximizing  the  role  of  intercropping  in  enhancing  soil  and
land  quality.  Challenges  persist  in  areas  such  as  theoretical
frameworks,  the  integration  of  machinery  with  agronomy,
context-specific  intercropping  models  and  policy  support.
Future  research  should  focus  on  optimizing  these  areas  to
enhance soil health and agricultural productivity. 
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6.1    Developing multifunctional intercropping
systems for sugarcane production
Integrating  intercropping,  relay  intercropping,  and  mixed
intercropping  maximizes  the  nitrogen  fixation  potential  of
legumes,  enriching  the  soil.  Introducing  legumes  and  green
manure  into  sugarcane  intercropping  systems  creates
sustainable practices that balance resource use and soil fertility.
To ensure stable, high yields, it is essential to optimize planting
structures and develop efficient, multifunctional intercropping
models  designed  for  specific  regions,  such  as  sugarcane-
soybean  and  sugarcane-green  manure  intercropping.  These
systems  enhance  soybean  income  or  provide  soil  fertilization
with  green  manure  while  maintaining  stable  sugarcane  yields.
Additionally, optimizing cropping structures based on resource
complementarity and interspecies mutualism can help establish
a green, low-carbon sugarcane intercropping system, reducing
inputs, improving soil quality and increasing yields.
 

6.2    Improving the theoretical framework for
enhancing arable land quality through sugarcane
intercropping
Future research should focus on ecological principles related to
biodiversity,  nutrient  cycling,  regulation  and  ecosystem
services  in  diverse  sugarcane  intercropping  systems.  A
comprehensive  theoretical  framework  can  be  developed  by
integrating  knowledge  from  soil,  crop  and  ecological  sciences
to clarify the interactions and regulation among soil, crops and
the  environment  in  intercropping  systems.  This  includes
principles such as integrated control of crop-soil-root system in
new  agricultural  systems,  multiscale  ecological
multifunctionality,  environmental  response  mechanisms  and
biodiversity-driven  soil  quality  evolution.  Region-specific
theoretical  support  systems  should  be  developed  to  enhance
soil  quality  through  sugarcane  intercropping  in  southern
China, fostering regional agricultural green development.
 

6.3    Establishing a cropping technology system
adapted to modern agricultural development
Intercropping systems must align with China’s goals for green,
sustainable  and  intensive  agriculture.  This  requires  selecting
suitable  crop  cultivars  or  combinations  for  intercropping,
considering  ecological,  agronomic  and  economic  factors.  Key
technologies  integrating  machinery  and  agronomy  must  be
developed, such as the use of integrated sugarcane planting and
mulching  machines  with  drip  irrigation  and  fertilization
systems,  along  with  green  pest  and  weed  management

technologies.  The  integration  of  mechanized  equipment,  such
as automated sugarcane harvesters, is also essential. Improving
the  efficiency  of  intercropping  systems  while  ensuring
sustainable  land  use  will  help  establish  a  diversified  planting
technology  system  that  minimizes  resource  inputs,  is
environmentally friendly, and ensures high and stable yields.
 

6.4    Applicability and promotion strategies of
intercropping systems
Given  the  widespread  use  and  diversity  of  intercropping
systems  across  China,  it  is  crucial  to  expand  their  role  in
promoting  sustainable  agriculture,  tailored  to  regional
conditions. This requires top-level design, policy guidance and
increased  awareness  of  the  role  of  diversified  cropping  in
improving  soil  quality,  enhancing  ecological  services  and
ensuring  food  security.  Strengthened  policy  and  financial
support is needed for areas such as agricultural planning, crop
structure  adjustment,  and  technological  innovation.
Developing  region-specific,  specialized,  and  multifunctional
intercropping  models  is  crucial  for  creating  comprehensive
technical  solutions  and  promotion  strategies  throughout  the
production  process.  In  favorable  regions,  efforts  should  focus
on accelerating the development, demonstration and adoption
of intercropping technologies to increase farmer participation.
 

7    Conclusions
 
Sugarcane  intercropping  offers  significant  potential  for
enhancing soil health and ecological system services in the hilly
agricultural  regions  of  southern  China.  Strategic  selection  of
crop  species  and  planting  methods  in  intercropping  improves
soil  physical  properties,  such  as  structure  and  porosity,  while
enhancing  soil  fertility  and  microbial  diversity.  These
improvements  increase  agricultural  productivity  and  stability,
reduce  pest  and  disease  incidence,  and  mitigate  soil
degradation  associated  with  long-term  monoculture  practices.
This  study  emphasizes  the  effectiveness  of  sugarcane
intercropping  as  a  sustainable  agricultural  practice,  offering  a
scientific  basis  and  practical  guidance  for  soil  health
management in southern Chinese agriculture.  Future research
should focus on optimizing intercropping patterns, integrating
technologies  such  as  water-fertilizer  integration,  and
investigating  their  adaptability  under  different  climatic
conditions, as well as assessing their long-term impacts on soil
health  to  improve  and  expand  the  applicability  of  this
technology.
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