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Abstract
Rice-aquatic  animal  co-culture  systems,  as  a  representative  ecological  agriculture  model,

substantially reshape nitrogen migration, transformation, and retention through interactions

among rice plants, floodwater, and soil interfaces. Although numerous studies have reported

improved  nitrogen-use  efficiency  and  reduced  environmental  losses,  the  micro-scale

regulatory  mechanisms  have  not  yet  reached  a  unified  understanding,  and  many  key

influencing  factors  remain  insufficiently  integrated.  This  review  synthesizes  current

understanding  of  nitrogen  cycling  in  such  systems  from  physical,  chemical,  and  biological

perspectives. Physically, bioturbation by fish, shrimp, and crabs thins the diffusive boundary

layer  and  enhances  solute  exchange,  facilitating  oxygen  and  nitrogen  transport  across  the

soil-water  interface.  Oxygen  released  from  rice  roots  further  forms  micro-oxic  zones  that

intersect  with  reduced  patches  created  by  animal  disturbance,  generating  dynamic  redox

gradients.  Chemically,  periodic  shifts  in  redox  potential  and  dissolved  organic  carbon

regulate  the  spatial  dominance  and  rates  of  nitrification,  denitrification,  anaerobic  ammo-

nium  oxidation,  and  nitrogen  fixation.  Abundant  carbon  inputs  strengthen  electron  flow,

enabling  more  complete  nitrogen  reduction  and  lowering  N2O  emissions.  Biologically,

ammonia-oxidizing,  denitrifying,  anammox,  and  nitrogen-fixing  microorganisms  establish

complementary  metabolic  networks  that  drive  efficient  cycling  among  ammonium,  nitrite,

nitrate,  and  organic  nitrogen,  supporting  sustained  internal  nitrogen  regeneration.

Enhanced  interface  activity  ultimately  increases  nitrogen  accumulation  in  rice  plants,

sediments,  and  microbial  biomass,  while  reducing  volatilization,  leaching,  and  greenhouse

gas emissions. Comparative studies indicate that optimizing water levels, animal density, and

nitrogen  inputs  can  enhance  nitrogen-use  efficiency  by  20%–40%  and  improve  ecosystem

stability. This review highlights the pivotal role of interface processes in nitrogen cycling and

provides scientific guidance for advancing efficient, low-emission, and sustainable rice-based

agroecosystems.
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Highlights

•  Co-culture enhances complete denitrification, N mineralization, and N recovery, lowering leaching, NH3 loss, and N2O.

•  Bioturbation by aquatic animals thins the diffusive boundary layer, enhancing nutrient cycling and improving N migration.

•  Periodic Eh and DOC shifts regulate nitrification, denitrification, and NH4
+ oxidation, improving energy efficiency.

•  Co-culture boosts N-cycle microbial activity and gene expression, enabling coupled N transformations and closed cycling.

•  Disturbance–reaction–metabolism feedback improves N-use efficiency and strengthens the stability of co-culture systems.
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Graphical abstract

 
 Introduction

Nitrogen (N) is a fundamental nutrient that limits agricultural produc-
tivity,  yet  its  utilization  efficiency  in  global  cropping  systems  remains
relatively  low[1].  Despite  significant  advancements  in  fertilizer  tech-
nology  and  nutrient  management,  global  assessments  by  the  Food
and  Agriculture  Organization  of  the  United  Nations  report  that,  on
average, only approximately half of the applied nitrogen is assimilated
by  crops.  The  remainder  is  lost  through  various  pathways,  such  as
ammonia volatilization, surface runoff, denitrification, and leaching[2,3].
These losses frequently occur simultaneously and interact, resulting in
inefficient fertilizer use and higher production costs. More importantly,
the  release  of  reactive  nitrogen  into  nearby  water  bodies  accelerates
eutrophication  and  promotes  recurrent  algal  blooms,  which  ulti-
mately  destabilize  aquatic  ecological  structures  and  functions[4].  The
generation  of  nitrous  oxide  (N2O),  a  greenhouse  gas  with  a  warming
potential  nearly  298  times  that  of  carbon  dioxide,  adds  dimension
to  the  environmental  burden  associated  with  nitrogen
mismanagement[5,6].  Methane  (CH4),  another  potent  greenhouse  gas,
is  also  emitted  in  considerable  quantities  from  flooded  rice  systems,
making  paddy  fields  a  primary  anthropogenic  source  of  CH4 on  a
global  scale[7].  Although  the  presence  of  aquatic  animals  has  been
hypothesized  to  influence  CH4 production  and  oxidation  by  altering
sediment  oxygenation,  organic  matter  distribution,  and  microbial
community composition, available studies report divergent outcomes
across  climatic  zones  and  management  practices,  suggesting  that
the  underlying  mechanisms  remain  insufficiently  resolved[8].  Thus,
improving nitrogen use efficiency and mitigating nitrogen losses and
greenhouse  gas  emissions,  while  maintaining  global  food  security,
have  become  central  objectives  in  agricultural  ecology  and  environ-
mental  sciences[9].  Taken  together,  these  findings  highlight  the  need
to simultaneously improve nitrogen-use efficiency and mitigate green-
house  gas  emissions  to  achieve  environmentally  sound,  productive
agricultural systems.

Across much of Asia, paddy fields function as representative agro-
wetland  ecosystems  in  which  dynamic  hydrological  regimes  inter-
act  with  complex  biogeochemical  processes  to  regulate  nutrient
cycling[10].  The  cyclic  flooding  and  draining  that  typify  rice  cultiva-
tion  create  fluctuating  redox  environments  that  strongly  shape
nitrification and denitrification processes[4].  Despite  extensive  work
on  nitrogen  cycling  in  rice  monocultures,  substantial  knowledge
gaps  persist,  particularly  regarding  how  fine-scale  environmental
gradients  modulate  nitrogen  transformation  pathways  under

increasingly  variable  climatic  and  hydrological  pressures[11].  Under
conventional  monocropping  conditions,  excessive  nitrogen  ferti-
lizer  inputs  are  common,  leading  to  diminished  fertilizer-use  effi-
ciency  and  enhanced  redistribution  of  nitrogen  among  soil,  water,
and  the  atmosphere.  This  redistribution  intensifies  the  risk  of
ecological  degradation  and  contributes  to  pollution  at  watershed
scales[12]. Emerging studies argue that current management recom-
mendations  often  overlook  the  inherent  micro-scale  heterogeneity
of paddy soils,  such as discontinuities in redox potential  or  uneven
distributions of organic carbon, resulting in oversimplified nutrient-
management  frameworks  and  underestimation  of  actual  nitrogen
losses[13].  Understanding  the  micro-level  mechanisms  governing
nitrogen  transformations  in  these  systems  is  therefore  essential
for  developing  ecologically  robust  strategies  that  simultaneously
sustain crop yields and minimize environmental impacts.

Rice-aquatic  animal  co-culture  systems,  which have persisted for
millennia  in  various  regions  of  Asia,  have  gained  renewed  interest
in  recent  decades  as  part  of  global  efforts  to  implement  climate-
responsive,  resource-efficient,  and  ecologically  restorative  agricul-
tural  systems[14].  Empirical  studies  have  demonstrated  that  these
co-culture  systems  can  lower  fertilizer  and  pesticide  requirements,
improve soil physicochemical properties, enhance rice productivity,
and  promote  more  efficient  internal  nitrogen  cycling[15].  Further-
more,  the  activities  of  aquatic  animals,  such  as  sediment  distur-
bance, grazing on algae and detritus, and the excretion of nitrogen-
rich  metabolites,  can  substantially  reshape  the  redox  environment
and  carbon  availability  in  both  the  rhizosphere  and  the  overlying
water  column[16].  These  changes,  in  turn,  stimulate  microbial  pro-
cesses including nitrification and the mineralization of organic nitro-
gen,  thereby  enhancing  nitrogen  transformation  and  reutilization
efficiency.  Synergistic  interactions  between  rice  plants,  aquatic
animals,  and  microbial  communities  further  accelerate  nitrogen
recycling:  oxygen  released  from  rice  roots  forms  localized  micro-
oxic  zones  favorable  for  aerobic  nitrifiers,  whereas  animal-derived
carbon substrates provide electron donors for heterotrophic denitri-
fiers  and  anaerobic  ammonium-oxidizing  microbial  groups[17−18].
Through  these  multiple  pathways,  nutrient  redistribution  is
enhanced, and the risks of ammonia volatilization and nitrate leach-
ing  are  reduced[19].  As  a  result,  rice-aquatic  animal  co-culture  is
increasingly regarded as a promising nature-based strategy for limit-
ing  agricultural  non-point-source  pollution  and  achieving  coordi-
nated carbon–nitrogen cycling[20].

https://doi.org/10.48130/nc-0025-0019

page 2 of 18 Li et al.  |  Volume 2  |  2026  |  e007

https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019


Despite advancements in system-level nitrogen budgeting, many
studies have devoted limited attention to the rhizosphere-water-soil
interface,  a  micro-scale  zone  that  often  functions  as  a  biochemical
hotspot[21,22].  This  interface  is  characterized  by  steep  oxygen
gradients,  abundant  organic  substrates,  and intense microbial  acti-
vity,  all  of  which  interact  to  drive  rapid  nitrogen  transformations.
Even subtle alterations to micro-environmental conditions can pro-
foundly  influence  the  direction  and  rate  of  nitrogen  cycling[23,24].
However,  the  tiny  spatial  scale  and  heterogeneity  of  this  interface
pose  significant  technical  obstacles  for  conventional  sampling  and
monitoring methods, which are typically designed for bulk-soil reso-
lution  rather  than  fine-scale  ecological  gradients[25].  Previous  work
has  indicated  that  aquatic  animal  bioturbation,  root-derived  oxy-
gen,  and organic  carbon inputs  act  as  primary  regulators  of  micro-
bial community composition and redox potential at this interface[26].
For  instance,  movement  of  fish  and  other  aquatic  organisms
enhances  oxygen  transfer  between  the  overlying  water  and  soil
matrix,  thereby  elevating  redox  potential  (Eh),  while  organic  acids
and  carbonaceous  compounds  released  by  rice  roots  serve  as  key
substrates for heterotrophic microbial processes such as denitrifica-
tion and nitrogen fixation[27]. Still, empirical results on these biologi-
cal and chemical interactions, particularly their influence on gaseous
nitrogen  emissions,  remain  contradictory,  suggesting  that  current
conceptual  models  may  underestimate  the  complexity  of  these
interactions.  The  synergistic  and  spatiotemporally  dynamic  effects
of  these  processes  on  gaseous  nitrogen  fluxes  remain  poorly
quantified[28].  Moreover,  microbial  responses  differ  considerably
depending  on  the  species  and  density  of  aquatic  animals  and  the
specific  management  approaches  applied,  thus  limiting  the  pre-
dictability and controllability of nitrogen cycling in such systems[29].
Collectively,  these  unresolved  uncertainties  underscore  the  impor-
tance  of  studying  the  micro-interface  as  a  pivotal  yet  insufficiently
characterized  domain  governing  nitrogen  transformations  in  rice-
aquatic animal co-culture systems.

To  address  these  shortcomings,  this  review  consolidates  recent
progress  in  understanding  nitrogen  cycling  within  rice-aquatic
animal  co-culture  systems,  with  particular  attention  to  the  rhizo-
sphere-water-soil interface as a core zone of nitrogen transport and
transformation. The review draws upon perspectives from microbial
ecology,  environmental  chemistry,  and  ecological  engineering  to
elucidate  how  root  oxygen  release,  aquatic-animal  bioturbation,
and feed-derived carbon sources regulate redox conditions, enzyme
activities,  electron-transfer  pathways,  and  microbial  community
structure. Moreover, advancements in in situ microprofiling, isotopic
tracing,  high-throughput omics,  and sensor-based monitoring now
provide unprecedented opportunities  to  investigate  fine-scale  pro-
cesses  that  remain  underrepresented  in  the  literature.  The  review
further  outlines  recent  developments  in  understanding  functional
genes associated with nitrification, denitrification, nitrogen fixation,
and ammonium oxidation. Finally, it identifies current gaps in moni-
toring methodologies, microbial functional analysis, and model inte-
gration, and discusses future directions for multi-scale and interdis-
ciplinary research.

 Integrated bibliometric analysis

To obtain a comprehensive overview of the intellectual landscape and
evolving  research  priorities  related  to  nitrogen  cycling  in  rice-aquatic
animal co-culture systems, a bibliometric analysis was conducted using
VOSviewer (v1.6.19). Unlike conventional literature reviews, which rely
primarily  on  qualitative  synthesis,  the  bibliometric  approach  enables

visualization  of  structural  linkages  among  publications  through  co-
occurrence,  clustering,  and  citation  network  algorithms.  These
analytical  features  allow  VOSviewer  to  reveal  not  only  the  dominant
research  clusters  but  also  the  latent  associations  among  scientific
concepts that may otherwise remain obscured in manual analyses. The
dataset used in this study was compiled from the Web of Science Core
Collection  on  October  27,  2025,  using  a  targeted  search  query:  'rice'
AND 'nitrogen' AND ('animal' OR 'fish' OR 'shrimp' OR 'crayfish' OR 'crab'
OR 'duck'). The search covered all publications from 2016 to 2025. After
careful  screening,  233 articles  were  identified as  directly  relevant  and
subsequently  imported  into  VOSviewer  for  keyword  co-occurrence
assessment.  A  minimum  threshold  of  five  keyword  occurrences  was
applied,  yielding  103  keywords  that  formed  six  clusters,  1,729  linking
relationships, and a total link strength of 2,795 (Fig. 1).

Figure  1 presents  the  resulting  keyword  co-occurrence  network,
with  node  size  representing  total  link  strength  and  node  color
denoting  the  average  publication  year  of  the  associated  research.
Warm-toned  nodes  reflect  emerging  topics,  whereas  thicker
connecting  lines  indicate  strong  associative  relationships  among
keywords.  The  dataset  shows  that,  although  publication  numbers
have remained generally stable over the past decade, the thematic
focus  has  undergone  pronounced  shifts.  Before  2021,  research
predominantly  focused  on  crop  yield,  nutrient  management,  and
macro-scale  nutrient  budgets  in  rice-based  co-culture  systems.
Since  2021,  however,  attention  has  progressively  shifted  toward
microbial  community dynamics,  nitrogen transformation pathways,
and greenhouse gas emissions. Excluding the high-frequency terms
'rice' and 'nitrogen, ' the top-ranked keywords by total link strength
include  yield,  growth,  aquaculture,  productivity,  diversity,  manage-
ment,  soil,  culture,  methane,  and  water.  The  total  link  strength,
number  of  links,  and  occurrence  frequency  of  these  keywords  are
summarized in Table 1.  These keywords highlight the multi-dimen-
sional  nature of  nitrogen cycling studies,  spanning agronomy,  eco-
logy,  and  biogeochemistry.  Taken  together,  these  patterns  reveal
not only temporal diversification in research directions but also the
emergence  of  process-oriented  investigations  that  extend  beyond
traditional agronomic outcomes.

Beyond  descriptive  mapping,  the  clustering  configuration  and
temporal  gradients  reveal  an  ongoing  conceptual  transition  in  the
field.  Earlier  studies  largely  centered  on  optimizing  nitrogen  ferti-
lizer  application,  maintaining  grain  yield,  and  quantifying  whole-
system  nitrogen  budgets  in  rice-aquatic  animal  systems.  More
recent  publications,  however,  show  an  increasing  emphasis  on
micro-scale processes such as microbial functional gene expression,
anaerobic  ammonium  oxidation,  dissimilatory  nitrate  reduction  to
ammonium,  and  nitrogen-driven  greenhouse  gas  formation.  This
trend  is  consistent  with  global  bibliometric  evaluations  of  nutrient
cycling  in  wetland  soils,  which  similarly  report  a  shift  from  'black
box' nitrogen accounting toward mechanistic,  multi-process frame-
works  that  better  integrate  microbial  ecology  with  environmental
chemistry[30,31].  Nevertheless,  a  critical  examination of  the literature
indicates  that  many  recent  studies  rely  on  short-term  sampling,
limited replication, or insufficient spatiotemporal resolution, thereby
limiting  the  robustness  of  conclusions  about  microbially  mediated
nitrogen  transformations.  Thus,  while  the  field  is  clearly  transition-
ing  toward  mechanistic  explanations,  the  methodological  depth
required  to  resolve  these  micro-scale  processes  remains
underdeveloped.

Simultaneously,  the  heightened  visibility  of  terms  such  as
methane,  greenhouse  gas,  and  carbon–nitrogen  coupling  under-
scores  increasing  interest  in  the  interconnections  among  multiple

https://doi.org/10.48130/nc-0025-0019

Li et al.  |  Volume 2  |  2026  |  e007 page 3 of 18

https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019


biogeochemical  cycles  within  paddy  ecosystems.  Rice-aquatic
animal  co-culture  systems  provide  a  particularly  compelling  plat-
form for such research due to the strong influence of animal biotur-
bation  on  soil  aeration,  root  development,  and  oxygen  diffusion.
Numerous recent  studies  have shown that  these modifications can
reduce  methane  and  nitrous  oxide  emissions  and  enhance  the
stability  of  soil-water  interface  processes[32].  However,  a  growing
body  of  evidence  also  points  out  discrepancies  among  studies,
especially  regarding  the  magnitude  of  greenhouse  gas  mitigation

effects, suggesting that system performance is susceptible to animal
density, hydrological regimes, and organic matter inputs. This incon-
sistency signals the need for more standardized methodologies and
cross-site  synthesis  to  validate  proposed  mechanisms[33].  Building
on  these  observations,  the  present  review  develops  its  central
theme—'Promotion  of  nitrogen  accumulation  through  enhanced
soil-water interface activity'—as a conceptual foundation for under-
standing  the  micro-scale  interactions  that  regulate  nitrogen  reten-
tion  and  loss  suppression  in  co-culture  systems.  In  summary,  the
bibliometric  evolution,  coupled  with  the  rising  emphasis  on  multi-
element coupling,  underscores the need for integrative,  cross-scale
frameworks  that  connect  physical  disturbance,  redox restructuring,
and  microbial  functional  networks  to  system-level  nitrogen
outcomes.

 Nitrogen cycling characteristics in rice-
aquatic animal co-culture systems

The  rice-aquatic  animal  co-culture  system  is  a  representative  land–
water  interactive  eco-agricultural  model  that  integrates  two  comple-
mentary  functional  units:  a  rice  cultivation  zone  and  an  aquaculture
zone.  The  spatial  and  functional  coupling  between  these  subsystems
underpins a relatively continuous and closed nitrogen cycle within the
broader ecosystem[10]. In the rice cultivation unit, rice plants act as the

 

Fig. 1  Network map of keyword co-occurrences and evolution of research themes over time.

 

Table 1  Top 12 keywords ranked by total link strength

Keyword Total link strength Links Occurrences

Nitrogen 272 87 61
Yield 208 80 39
Growth 184 72 39
Aquaculture 164 65 31
Productivity 152 73 22
Diversity 136 64 30
Management 136 70 26
Soil 133 67 24
Culture 132 57 23
Rice 128 68 26
Methane 107 56 19
Water 97 55 19
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primary  photosynthetic  producers,  fixing  carbon  and  assimilating
essential  nutrients  such  as  nitrogen  and  phosphorus.  In  parallel,  the
aquaculture  unit,  typically  stocked  with  fish,  shrimp,  crabs,  or  other
aquatic organisms, relies not only on external feed inputs but also on
the  consumption  of  organic  detritus  and  algae,  thereby  facilitating
the  internal  recycling  of  nutrients  and  energy  flows[34].  According  to
Qi  et  al.[35],  such  co-culture  systems  exhibit  greater  structural  and
functional  complexity  than  conventional  monoculture  paddy  fields,
forming a tightly coupled web of energy transfer and material cycling.
Zhang et  al.[36] further  observed that  oxygen released from rice  roots
can  generate  micro-oxic  zones  that  enhance  nitrification,  while  the
movement and foraging activities of aquatic animals disturb sediments
and enhance water exchange, accelerating the transfer of oxygen and
organic  matter  and  promoting  nitrogen  transformations.  Within  this
framework,  nitrogen  cycling  processes  are  diverse  and  include
ammonia  volatilization,  organic  nitrogen  mineralization,  nitrification,
denitrification, nitrogen fixation, and anaerobic ammonium oxidation.
Ahmed et al.[37] emphasized that the high biodiversity characteristic of
these integrated systems tends to strengthen nitrogen cycling capacity
and confer considerable self-regulatory potential. Under conditions of
excessive  external  nitrogen  input,  microorganisms  and  algae  assimi-
late inorganic nitrogen from soil and water, while the bioturbation and
feeding  activities  of  aquatic  animals  stimulate  nitrogen  exchange
between  biota  and  sediments,  increasing  nitrogen  retention  and
attenuating downstream nitrogen export[38,39].

The  primary  nitrogen  sources  in  rice-aquatic  animal  co-culture
systems include chemical fertilizers, feed inputs, biological nitrogen
fixation, and external water inflows such as irrigation and rainfall[40].
Feed residues and animal excreta introduce substantial amounts of
organic  and  ammoniacal  nitrogen;  these  compounds  are  decom-
posed  and  transformed  by  microbial  communities  and  can  subse-
quently be absorbed by rice roots,  thereby improving overall  nitro-
gen  use  efficiency.  As  a  result,  many  studies  report  that  co-culture
systems can reduce chemical fertilizer application rates by approxi-
mately 20%–40% compared with monoculture rice systems[41]. Hu et
al.[42] further  noted  that  nitrogen-fixing  bacteria  and  cyanobacteria
in  the  rhizosphere  contribute  additional  nitrogen  through  biologi-
cal  fixation,  while  irrigation  and  precipitation  provide  additional
external  inputs[43].  Nitrogen  outputs,  in  contrast,  occur  primarily
through plant  uptake,  animal  assimilation,  gaseous losses  via  deni-
trification  and  ammonia  volatilization,  surface  runoff,  and  leaching
from the soil profile[19]. Liu et al.[44] showed that the relatively deeper
water  layer  and  lower  pH  often  found  in  co-culture  fields  can
suppress  ammonia  volatilization.  At  the  same  time,  animal  distur-
bance and the accumulation of organic matter modify conditions at
the  soil-water  interface,  potentially  partially  inhibiting  denitrifi-
cation  and  thereby  reducing  gaseous  nitrogen  losses.  Nitrogen
released from the decomposition of  feces,  uneaten feed,  and plant
litter can be reused via root uptake, forming a 'feed-animal-soil-rice'
loop that enhances nitrogen recycling and reduces dependence on
external fertilizers[45]. However, although this nutrient cycle appears
to be nearly 'closed', considerable heterogeneity across regions and
management  regimes  suggests  that  the  extent  of  fertilizer  savings
and  nitrogen  retention  is  strongly  context-dependent  and  should
not  be  generalized  without  rigorous  consideration  of  local
conditions.

Compared with the conventional monoculture rice systems, rice-
aquatic  animal  co-culture  generally  demonstrates  higher  nitrogen
use  efficiency  and  significant  ecological  benefits[46].  Within  these
systems, plant nutrient uptake, animal feeding, and microbial nitro-
gen transformations jointly establish a coordinated nitrogen cycling
network  that  supports  nutrient  balance  and  environmental

sustainability[47].  Co-culture  systems  often  possess  more  complex
interfacial  environments  and  more  diverse  microbial  communities
than monoculture paddies. In such environments, nitrogen fixation,
nitrification,  denitrification,  and  nitrate  reduction  processes  are
tightly coupled in both space and function, resulting in more stable
and  efficient  nitrogen  transformations.  This  coordinated  cycling
mechanism  enhances  nitrogen  retention  and  substantially  reduces
nitrogen losses through volatilization, runoff, and leaching, thereby
alleviating  agricultural  non-point  source  pollution[48].  Nevertheless,
it  is  important  to  note  that  many  of  these  conclusions  are  derived
from short-term plot experiments or case studies;  long-term, multi-
site  datasets  are  still  scarce,  and  the  resilience  of  these  benefits
under climate variability and intensifying management has yet to be
thoroughly tested. Overall, the available evidence indicates that co-
culture  systems  can  improve  nitrogen  use  efficiency  and  reduce
nitrogen  losses,  but  the  strength  and  stability  of  these  benefits
depend on system design and management intensity.

Rice-aquatic  animal  co-culture  systems  also  play  an  important
role  in  regulating  greenhouse  gas  emissions.  In  flooded  paddy
ecosystems, CH4 emissions are typically much higher than N2O emis-
sions  and  constitute  a  dominant  component  of  the  overall  green-
house gas footprint of rice fields[49]. Bioturbation by aquatic animals
enhances aeration and oxygen diffusion at  the soil-water  interface,
reduces  the  extent  of  sediment  anoxia,  and  stimulates  methano-
trophic microorganism activity, collectively suppressing CH4 produc-
tion  and  accumulation[50].  This  reduction  in  anaerobic  microsites
weakens the ecological advantage of methanogenic archaea and is
widely  regarded  as  one  of  the  principal  mechanisms  by  which  co-
culture  systems  mitigate  CH4 emissions[51].  However,  under  condi-
tions of high organic carbon loading from uneaten feed and animal
excreta,  increased  substrate  availability  for  methanogenesis  can
stimulate CH4 production and potentially create trade-offs between
CH4 and N2O emissions[52]. Dai et al.[32] demonstrated that bioturba-
tion by aquatic animals enhances oxygen diffusion at the soil-water
interface  and  suppresses  the  production  and  accumulation  of  CH4

and  N2O.  Similarly,  Du  et  al.[53] reported  that  increased  organic
carbon  inputs  can  promote  complete  denitrification  and  enhance
the  reduction  of  N2O  to  N2.  Field  measurements  indicate  that  N2O
emissions  from  rice-aquatic  animal  co-culture  systems  are  2.4%–
56% lower than those from conventional monoculture systems[33,54].
Rice-aquatic  animal  co-culture  systems  demonstrate  synergistic
effects  on  nutrient  cycling  and  greenhouse  gas  mitigation.  These
systems optimize nitrogen transformation pathways, enhance nitro-
gen  conversion  efficiency,  and  represent  a  promising  agroecosys-
tem  model  that  reconciles  high  agricultural  productivity  with
ecological  protection[55].  Even  so,  inconsistencies  in  field  measure-
ments and uncertainties regarding system-level trade-offs between
CH4 and  N2O  underscore  the  need  for  more  standardized  experi-
mental  designs,  longer  monitoring  periods,  and  integrated  assess-
ments  that  jointly  consider  nutrient  cycling  and  greenhouse  gas
dynamics. The nitrogen cycling pathways within rice-aquatic animal
co-culture systems are illustrated in Fig. 2.

 Structural characteristics and material
exchange mechanisms at the soil-water
interface

The  root  system  of  rice  plants  penetrates  extensively  into  the  soil
profile, and its growth, respiration, and exudation profoundly reshape
the physical structure and moisture conditions of the surrounding soil.
As roots expand into dense soil matrices, they create pores, cracks, and

https://doi.org/10.48130/nc-0025-0019

Li et al.  |  Volume 2  |  2026  |  e007 page 5 of 18

https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019


micro-channels  that  enhance  porosity,  hydraulic  conductivity,  and
gaseous  diffusivity[56].  At  the  same  time,  root-mediated  alterations  in
the chemistry of  rhizosphere pore water create preferential  pathways
that  facilitate  bidirectional  exchange  of  solutes  and  gases  between
the  soil  matrix  and  the  overlying  floodwater[57].  The  proliferation  of
root  hairs,  the  development  of  root  sheaths,  and  the  stratification  of
rhizosphere microhabitats further intensify the spatial heterogeneity of
pore-size  distribution,  soil  moisture,  and  diffusion  properties  across
depths  and  orientations.  These  characteristics  collectively  produce  a
micro-scale  spatial  configuration  that  is  highly  distinctive  of  paddy
ecosystems and strongly determines their biogeochemical behavior[58].

In rice-aquatic animal co-culture systems, the influence of aquatic
animals  introduces  an  additional  layer  of  structural  complexity  to
the  soil-water  interface.  Behaviors  such  as  burrowing,  sediment
reworking,  grazing,  and  swimming  disturb  otherwise  static  sedi-
ment surfaces, promoting stronger coupling between soil and water
and  allowing  oxygen  and  dissolved  substances  to  reach  deeper
sediment  horizons[59].  This  bioturbation  expands  the  redox  transi-
tion zone, enhances organic matter resuspension, and redistributes
fine  particulates,  thereby  elevating  interfacial  reactivity  and
creating  physicochemical  conditions  conducive  to  nitrogen
transformations[23].  Furthermore,  Sun  et  al.[60] showed  that  steep
microscale gradients of oxygen, pH, dissolved organic carbon (DOC),
and ionic composition exist across the interface, forming a mosaic of
micro-niches  that  support  the  coexistence  and  metabolic  comple-
mentarity  of  diverse  microbial  guilds.  Although  these  findings
collectively  underscore the importance of  biological  disturbance in
shaping  interface  structure,  most  studies  rely  on  short-term  obser-
vations,  leaving  considerable  uncertainty  about  the  persistence  of
such  modifications  under  long-term  cultivation  or  high-intensity
aquaculture practices.

The  transport  and  transformation  of  oxygen  and  nitrogen
compounds  in  rice-aquatic  animal  co-culture  systems  are  jointly
controlled  by  pore  architecture,  sediment  permeability,  and  the
hydrodynamic environment of the overlying water[61].  Root-derived
aerenchyma and rhizosphere channels enable both axial  and radial

diffusion of oxygen into surrounding soil, forming micro-oxic zones
that  play  critical  roles  in  nitrification  and  coupled  transformation
pathways[62].  In  monoculture  paddy  fields,  dissolved  nitrogen
species  typically  migrate  downward  with  percolating  water  and
undergo  mineralization;  however,  in  co-culture  systems,  animal-
induced  sediment  disturbance  and  root  oxygenation  intensify
interfacial activity, promoting nitrogen transport and internal nitro-
gen  recycling[63].  This  bidirectional  material  exchange  arises  from
the  interplay  between  molecular  diffusion  and  convective  flow,
maintaining a dynamic equilibrium of oxygen and nitrogen species
at  the interface and providing a continuous substrate for  microbial
transformations[64].  Sediment  texture  also  strongly  regulates  solute
mobility:  silty  sediments  with  high  porosity  facilitate  diffusion  and
infiltration,  whereas  compact  clayey  sediments  create  diffusion
barriers  that  impede  solute  exchange[65,66].  In  addition,  localized
disturbances by aquatic  animals  continually  modify  pore geometry
and flow paths, generating microcirculation zones that significantly
increase  the  efficiency  of  mass  transfer  across  the  interface[67].
Despite these advances, there remains limited consensus regarding
the relative importance of physical versus biological drivers in regu-
lating  nitrogen  mobility,  especially  given  the  diversity  of  animal
species,  stocking densities,  and sediment types found in co-culture
systems.

The  structural  and  functional  dynamics  of  the  sediment–water
interface  are  further  modulated  by  environmental  factors  such  as
temperature and water level[31].  Deep and prolonged submergence
buffers  daily  fluctuations  in  soil  temperature,  preventing  overheat-
ing  during  summer  months  and  maintaining  stable  thermal  condi-
tions  that  balance  molecular  motion  and  pore-water  viscosity,
thereby  stabilizing  gas  and  solute  diffusion  rates[68].  Thermal  stabi-
lity  also reduces density-driven convection and limits  temperature-
induced  disturbances  at  the  interface,  helping  maintain  sediment
integrity and preserving diffusion gradients[69].  Water level similarly
plays  a  pivotal  role  in  regulating  interface  stability  and  exchange
intensity.  Co-culture  systems  are  generally  maintained  at  higher
water  levels  and  longer  flooding  durations,  creating  a  stable

 

Fig. 2  Schematic diagram of nitrogen cycling pathways in rice-aquatic animal co-culture systems.
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hydraulic  gradient  and  a  low-energy  hydrodynamic  regime[24].
Extended  submergence  reduces  the  influence  of  external  distur-
bances  such  as  wind  shear,  rainfall,  and  inflow  variability,  lowering
overall shear stress and decreasing the frequency of large-scale sedi-
ment  resuspension.  This  stabilizes  the  interface  while  extending
diffusion distances, making molecular diffusion the dominant mode
of  solute  transport  and  minimizing  turbulence-driven  variability[70].
Moreover,  lower  water  exchange  frequency  enhances  nutrient
retention and reduces  nitrogen loss  through drainage,  thereby im-
proving  nutrient  conservation  and  overall  ecological  stability[71,72].
However, recent studies highlight that prolonged flooding may also
induce trade-offs such as increased methane production or reduced
root  oxygenation capacity,  suggesting that  the hydrological  mana-
gement  of  co-culture  systems  requires  more  refined  optimization
strategies.  Overall,  the  structural  characteristics  and  exchange
mechanisms  at  the  soil-water  interface  in  rice-aquatic  animal  co-
culture  systems  reflect  a  complex  interplay  of  plant  roots,  aquatic
animal disturbance, sediment properties, and hydrological regimes.
While current evidence clearly demonstrates that these interactions
enhance  nitrogen  mobility  and  biogeochemical  functionality,  sub-
stantial  uncertainties  remain  regarding  their  long-term  stability,
scalability,  and  sensitivity  to  intensified  management  and  climate
variability.

 Redox reactions and nitrogen
transformation pathways

In rice-aquatic animal co-culture systems, Eh at the soil-water interface
functions as a central chemical indicator governing nitrogen mobility,
speciation, and ultimate transformation outcomes. Unlike monoculture
paddies  where  Eh  patterns  tend  to  be  relatively  predictable,  the  Eh
landscape in co-culture systems is  shaped by a multilayered interplay
among rice roots,  sediment constituents,  and aquatic fauna,  resulting
in  more  complex  and  dynamically  shifting  gradients[73].  Oxygen
diffusing  from  rice  roots  generates  discrete  oxidative  microzones
within the rhizosphere, whereas reduced compounds such as organic
carbon,  Fe2+,  and Mn2+ rapidly  consume oxygen,  producing steep Eh

gradients  at  the  millimeter  scale.  Although  alternating  oxidized
'hotspots' and reduced 'patches' are common features of flooded soils,
their  spatial  extent  and  temporal  variability  are  markedly  amplified
in  co-culture  systems  due  to  persistent  animal  disturbance  and  the
presence  of  deeper  water  layers[74,75].  Together,  these  interactions
create a heterogeneous and continually reorganized redox mosaic that
distinguishes  co-culture  systems  from  typical  rice  monocultures[76,77].
However,  despite  a  consensus  on  the  presence  of  intensified  redox
heterogeneity,  quantitative  assessments  of  how  animal  species,
stocking  density,  or  sediment  type  individually  modulate  Eh  remain
limited, reflecting an important knowledge gap in recent literature. The
major nitrogen loss pathways and their redox-mediated linkages at the
soil–water  interface  in  rice–aquatic  animal  co-culture  systems  are
summarized in Fig. 3.

Daily  oscillations  in  Eh  are  especially  pronounced  in  these
systems. During daylight hours, oxygen released by photosynthetic
activity  in  rice  and  algae,  combined  with  water-column  mixing
driven  by  the  movement  of  aquatic  animals,  elevates  dissolved
oxygen levels and increases Eh near the soil surface. At night, photo-
synthesis  ceases,  and  oxygen  demand  rises  due  to  respiration  and
the  decomposition  of  organic  matter.  However,  continued  swim-
ming  and  sediment  reworking  by  fish,  shrimp,  or  crabs  stimulate
convective  transport  and  gas  exchange,  maintaining  a  partial
oxygen  supply  near  the  interface[78−81].  This  combination  of  deep-
water conditions and continuous biophysical disturbance produces
rhythmic cycles of oxidation and reduction, generating a temporally
overlapping  and  spatially  diffuse  redox  environment  characterized
by  non-steady-state  fluctuations[82].  Such  bidirectional  oxygen
inputs allow nitrification, anaerobic ammonium oxidation, and other
redox-sensitive  nitrogen  processes  to  occur  concurrently  without
external aeration[21].

Within  these  dynamic  redox  environments,  nitrogen  follows
multiple  interconnected  transformation  pathways  involving  fre-
quent transitions among ammonium, nitrite, nitrate, and organic or
gaseous  forms[83].  The  oxygenated  upper  microzone  provides  the
dominant  site  for  nitrification,  where  ammonium  is  sequentially
oxidized  to  nitrite  (NO2

−)  and  then  to  nitrate  (NO3
−).  Disturbance

 

Fig. 3  Schematic diagram of nitrogen losses in rice-aquatic animal co-culture systems.
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caused  by  aquatic  animals  enhances  oxygen  penetration  and
substrate supply, often resulting in higher nitrification rates relative
to  monoculture  paddies[84].  As  oxidized  intermediates  migrate
downward, they encounter reduced sediment layers rich in organic
carbon.  In  contrast  to  conventional  paddies,  where  a  significant
proportion  of  nitrate  is  lost  through  gaseous  emissions,  co-culture
systems enhance nitrate retention and recycling. In these systems, a
portion of NO3

− and NO2
− is reabsorbed by rice roots, while another

fraction  is  either  reduced  to  ammonium  or  incorporated  into
organic nitrogen pools via heterotrophic pathways[85]. These redox-
mediated  reactions  are  tightly  interconnected:  nitrification  gene-
rates  oxidized  substrates  that  support  subsequent  reduction
processes,  while  reductive  reactions  regenerate  plant-available
nitrogen,  forming  a  positive  feedback  loop.  Although  anammox
does  not  dominate  nitrogen  removal  in  these  systems,  it  comple-
ments heterotrophic denitrification by modulating nitrogen specia-
tion  and  mitigating  N2O  accumulation[86].  Overall,  the  co-culture
system  achieves  high  nitrogen  cycling  efficiency  and  reduced
nitrogen  loss  through  a  network  of  carbon-driven  multi-pathway
transformations[87].

Organic  carbon  acts  as  both  an  energy  source  for  microbial
metabolism  and  a  major  electron  donor  for  nitrogen  redox  reac-
tions  within  these  systems[88].  Inputs  from  animal  excreta,  uneaten
feed,  and  root  exudates  collectively  generate  a  highly  dynamic
carbon  pool  at  the  interface.  The  spatial  distribution  of  organic
carbon  influences  reaction  kinetics:  animal-derived  carbon  often
accumulates  at  the  sediment  surface,  where  it  degrades  rapidly,
whereas  root  exudates  provide  a  more  gradual,  sustained  carbon
supply  along  root  channels.  This  dual  carbon-supply  mechanism
offers  both  short-term  reactivity  and  long-term  electron
availability[89,90].  The oxidation of organic carbon releases electrons,
which are subsequently accepted by oxidized nitrogen species such
as NO3

− and NO2
−, thereby facilitating nitrogen reduction and trans-

formation[91]. The carbon-to-nitrogen ratio (C/N) strongly influences
the terminal  products  of  reduction pathways:  high C/N ratios  favor
complete denitrification to N2, whereas low C/N ratios may promote
the  accumulation  of  intermediates  such  as  N2O  due  to  electron
scarcity[92,93].  The  high  abundance  of  soluble  organic  carbon  in  co-
culture  systems  reduces  the  likelihood  of  incomplete  reduction,
supporting  sustained  and  reversible  redox  cycling  across  the
interface[94].  Together,  continuous  organic  carbon  inputs  and
dynamic C/N regulation establish an electron-flow-centered energy
loop  that  enables  efficient  nitrogen  cycling  and  environmentally
sustainable  nitrogen  transformation[95].  Such  trade-offs  remain  an
active  area  of  investigation  requiring  more  nuanced  experimental
designs.  Overall,  current  research  demonstrates  that  rice-aquatic
animal  co-culture  systems  exhibit  a  uniquely  heterogeneous  and
dynamically  shifting  redox  landscape  that  strongly  facilitates  nitro-
gen  transformations.  However,  substantial  uncertainties  remain
regarding  how  specific  biological  and  environmental  drivers  regu-
late these processes over longer timescales, under variable manage-
ment  intensities,  and  across  different  sediment  types.  Future
studies  should  integrate  quantitative  redox  monitoring  with  high-
resolution  analyses  of  microbial  and  carbon  dynamics  to  better
evaluate  the  stability,  efficiency,  and  environmental  trade-offs  of
nitrogen cycling within these complex systems.

 Biological and enzymatic activity-driven
mechanisms

At  the  soil-water  interface  of  rice-aquatic  animal  co-culture  systems,
a  highly  intricate  microbial  assemblage  develops,  and  its  taxonomic

composition, along with its metabolic potential, fundamentally shapes
the  pathways  and  efficiency  of  nitrogen  cycling[96].  Wang  et  al.[97]

reported  that  these  co-culture  systems  exhibit  markedly  higher
microbial  richness,  enhanced  metabolic  functional  diversity,  and
greater  modularity  within  microbial  networks  than  conventional
monoculture  paddies.  Such  structural  complexity  also  supports  the
persistence  of  keystone  taxa  that  connect  otherwise  independent
nitrogen  transformation  pathways.  The  formation  of  this  microbially
diverse  environment  is  driven  by  the  combined  effects  of  root  res-
piration, faunal bioturbation, and continuous organic carbon input, all
of  which  generate  heterogeneous  microhabitats.  Among  the  various
functional  groups,  ammonia-oxidizing  microorganisms  constitute  the
principal  drivers  of  nitrification[74].  Ammonia-oxidizing  bacteria  as
shown by Yang et al.[98], thrive mainly in oxygenated rhizosphere zones
where  they  rapidly  oxidize  ammonium  during  brief  oxygenation
pulses.  In  contrast,  ammonia-oxidizing  archaea  remain  metabolically
active  under  microoxic  or  mildly  reducing conditions,  which expands
the  range  of  redox  environments  suitable  for  nitrification.  Denitri-
fying  bacteria  dominate  reduced  sediment  layers  and  use  diverse
electron acceptors  to sustain continuous nitrate reduction.  Anaerobic
ammonium-oxidizing  and  nitrogen-fixing  microorganisms  inhabit
deeper  strata,  where  they  facilitate  nitrogen  re-transformation  and
biological  nitrogen  input,  ultimately  supporting  internal  nitrogen
closure within the system[90].

Microbial  communities  within  co-culture  systems  also  display
substantial  functional  redundancy  and  high  network  robustness,
enabling multiple taxa to maintain overlapping metabolic roles and
stabilize  nitrogen  transformations  even  when  oxygen,  carbon,  or
nitrogen  availability  fluctuates[99].  Bioturbation  by  aquatic  animals
further enhances this stability by promoting solute transport among
microzones,  generating  alternating  oxidized  and  reduced  patches
that  vertically  stratify  microbial  functional  groups,  and  mitigating
competitive  exclusion[100].  Meanwhile,  animal  mucus  and  excreta
both  rich  in  soluble  organic  carbon,  act  as  readily  accessible
substrates for  heterotrophic microbes,  fostering metabolic  comple-
mentarity  and  facilitating  niche  diversification[101].  However,  recent
studies  warn  that  excessive  aquaculture  intensification  can  trigger
sediment  eutrophication,  reduce  microbial  diversity,  and  suppress
critical  nitrogen-transforming  populations,  ultimately  diminishing
the  overall  nitrogen  cycling  efficiency  of  the  system[102].  Thus,
moderate  biological  disturbance  and  ecologically  rational  stocking
densities  are  essential  to  support  micro-ecosystem  stability  and
sustain  the  high  performance  of  nitrogen  transformation
pathways[103].  A  more  critical  issue  is  that  current  guidelines  for
'optimal'  disturbance  thresholds  remain  poorly  defined,  as  most
empirical studies are system-specific and lack cross-site verification.

The  efficiency  of  nitrogen  cycling  in  these  systems  is  not  solely
determined by microbial  community structure but also by the acti-
vity  of  key metabolic  enzymes and the physicochemical  conditions
that  regulate  their  function[104].  Enzymes  such  as  urease,  ammonia
monooxygenase,  nitrate  reductase,  nitrite  reductase,  and  nitrous
oxide  reductase  mediate  the  successive  steps  of  nitrogen  transfor-
mation  at  the  interface.  Urease  hydrolyzes  organic  nitrogen  to
ammonium,  providing  substrates  for  nitrification;  ammonia  mono-
oxygenase  acts  as  the  rate-limiting  catalyst  initiating  nitrification
and is profoundly influenced by root-derived oxygen and dissolved
oxygen concentrations; nitrate reductase and nitrite reductase regu-
late the rate and completeness of denitrification, while nitrous oxide
reductase  determines  the  terminal  reduction  of  nitrous  oxide  to
dinitrogen  gas,  thereby  modulating  N2O  emissions[105−107].  At  the
genetic  level,  functional  genes  associated  with  nitrogen  cycling
including amoA, nirK, nirS, nosZ,  and nifH exhibit  both  high
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abundance  and  clear  spatial  heterogeneity  in  co-culture  systems.
The amoA shows  elevated  copy  numbers  within  the  rhizosphere,
reflecting enhanced nitrification potential; nirS and nosZ are upregu-
lated in deeper soil layers, indicating strong denitrification capacity;
while nifH enrichment  near  zones  of  active  animal  disturbance
suggests  intensified  biological  nitrogen  fixation[108].  Bioturbation
enhances  nutrient  diffusion  and  substrate  availability,  stimulating
metabolic  gene  activation  and  increasing  overall  nitrogen
turnover[109].

Within  co-culture  systems,  carbon–nitrogen  coupling  driven
jointly  by  aquatic  animal  activity  and  rice  root  exudation  serves
as  the  central  engine  sustaining  microbial  metabolism  at  the
interface[110]. Herlambang et al.[111] found that animal feces and feed
residues provide highly degradable carbon and nitrogen substrates
that  rapidly  mineralize  into  organic  acids  and  ammonium.  Com-
bined with the more stable and prolonged carbon flux derived from
root  exudates,  these  inputs  establish  a  dual  carbon-supply  mecha-
nism that  maintains  long-term microbial  energy flow.  Root-derived
carbon  supports  nitrification  and  mineralization  under  micro-oxic
conditions, whereas animal-derived carbon promotes the formation
of  reduced  microzones  in  upper  sediment  layers,  creating  spatial
complementarity  in  carbon  and  nitrogen  fluxes[43].  Bioturbation
additionally  restructures  sediment  pore  networks,  enhancing  the
diffusion of  organic  carbon and inorganic  nitrogen and generating
micro-scale  'reaction  hotspots'  characterized  by  simultaneous
carbon oxidation and nitrogen reduction, thereby markedly increas-
ing  nitrogen  transformation  efficiency[84,112].  Furthermore,  faunal
disturbance reorganizes microbial niches, enabling nitrifiers, denitri-
fiers,  and  anammox  bacteria  to  occupy  stratified  ecological  layers,
thereby  reducing  metabolic  interference  and  facilitating  coopera-
tive  nitrogen  cycling[113].  Over  extended  periods,  this  biologically
regulated  carbon–nitrogen  coupling  mechanism  not  only  acceler-
ates  nitrogen  cycling  but  also  enhances  system-level  energy  effi-
ciency, metabolic resilience, and ecological stability[114].

Given  the  central  importance  of  microbial  communities  in
mediating these processes, Table 2 synthesizes the major nitrogen-
cycling  microbial  guilds  identified  in  rice-aquatic  animal  co-culture
systems, summarizing their functional genes, ecological niches, and
specific  roles  within  the  nitrogen  cycle.  This  table  highlights  how
distinct guilds including ammonia oxidizers, nitrite oxidizers, denitri-
fiers,  anammox  bacteria,  DNRA  performers,  nitrogen  fixers,  and
multifunctional  taxa,  occupy  complementary  habitats  and  jointly
sustain the multi-pathway nitrogen transformations observed in co-
culture  systems.  The  interrelationships  among  microbial  commu-
nity  dynamics,  enzymatic  activities,  and  nitrogen  transformation
pathways in rice-aquatic animal co-culture systems are illustrated in
Fig. 4. Yet, long-term empirical evidence remains sparse, and current
models  seldom  account  for  shifts  in  microbial  interactions  under
climate  variability  or  intensifying  disturbances,  underscoring  the
need  for  deeper  mechanistic  research.  In  summary,  biological  and
enzymatic  processes  at  the  soil-water  interface  form  an  intercon-
nected  regulatory  network  governing  nitrogen  transformations
in  rice-aquatic  animal  co-culture  systems.  Although  substantial
advances  have  been  made  in  elucidating  microbial  diversity,
enzyme functions, and carbon–nitrogen coupling, key uncertainties
remain regarding the stability,  scalability,  and environmental  sensi-
tivity  of  these  processes.  Future  work  should  integrate  molecular
analyses  with  real-time  biochemical  monitoring  to  better  quantify
functional redundancy, disturbance thresholds, and long-term meta-
bolic adaptability within these complex ecological systems.

 Systemic regulation and optimization of
nitrogen cycling

Research  on  nitrogen  cycling  regulation  in  rice-aquatic  animal  co-
culture  systems  has  undergone  a  notable  conceptual  transition,
shifting  from  traditional  experience-based  management  toward  co-
ordinated  multi-factor  regulation  supported  by  mechanistic  insights
and  technological  innovation[118].  Earlier  investigations  primarily
evaluated  how  fertilization  schemes  and  water-level  manipulation
influenced whole-system nitrogen retention and loss[119].  More recent
studies, however, increasingly emphasize quantitative characterization
of  soil-water  interface  processes  and  the  establishment  of  integrated
regulatory frameworks. On one front, researchers have examined how
adjustments  in  nitrogen  application  rate,  timing,  and  chemical-to-
biological  nitrogen  input  ratios  promote  complementary  interactions
between  synthetic  fertilizers  and  biological  nitrogen  fixation[120].  On
another  front,  the  interplay  among  hydrological  disturbance,  animal-
driven sediment mixing, and redox dynamics has gained considerable
attention.  Bioturbation  by  aquatic  animals  has  emerged  as  a  key
mechanism,  mediating  oxygen  exchange  and  shaping  nitrogen
migration  across  the  interface  in  ways  not  captured  by  traditional
monoculture models[121].

Given  the  intrinsic  complexity  of  these  systems,  recent  work  has
increasingly  incorporated  coupled  biophysical  models  and  multi-
scale  monitoring  techniques  to  dynamically  represent  fluctuations
in  redox  potential,  dissolved  nitrogen  transport,  and  microbial
community  succession.  These  integrative  approaches  aim  to
identify dominant nitrogen transformation pathways, quantify their
relative  importance  under  varying  environmental  drivers,  and
ultimately  reveal  how  biophysical  processes  interact  to  regulate
system-level  nitrogen  cycling[122,123].  Collectively,  such  research
reflects  a paradigm shift  from focusing on isolated biogeochemical
processes to developing multi-factor, system-level regulatory frame-
works  that  provide  a  foundation  for  precision  nitrogen  manage-
ment in co-culture systems.

At  present,  optimization  strategies  are  moving  beyond  single-
species  production  models  toward  diversified,  fine-tuned,  and
region-specific  configurations  that  strengthen  nitrogen  cycling
resilience  by  modifying  system  architecture  and  biological
composition[124,125].  Multi-species  co-culture  has  emerged  as  a  pro-
mising approach for enhancing nitrogen cycling efficiency through
ecological niche complementarity[126]. Compared with conventional
rice-fish,  rice-shrimp,  rice-crab,  or  rice-duck  systems,  integrated
multi-species  arrangements  more  effectively  utilize  spatial  and
trophic resources, thereby improving nutrient conversion efficiency
and stabilizing nitrogen flows[127].  Lokuhetti et al.[128] demonstrated
that  a  rice-carp-tilapia  system  improved  both  rice  grain  yield  and
fish survival relative to the traditional rice-fish model. Concurrently,
breeding and selection of high-performing rice varieties and aquatic
animals have become a central focus for regulatory optimization[129].
Rice  varieties  with  strong  root  oxygen-release  capacity  and  high
nitrogen uptake efficiency help stabilize oxidized microzones, while
aquatic  animals  with  low  nitrogen  excretion  and  high  nitrogen
utilization  efficiency  reduce  nitrogen  losses  and  enhance  feed-to-
nitrogen conversion[130,131].

Building on these developments, regional adaptation has increas-
ingly become a focal direction for optimizing co-culture systems[82].
Researchers  have  observed  that  the  ecological  behavior  of  rice-
aquatic animal systems changes noticeably across different climatic,
hydrological,  and  soil  conditions[132].  Because  of  this  variability,
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adjusting the co-culture model and choosing species combinations
that match local environments often leads to clear improvements in
both  overall  productivity  and  nitrogen-use  efficiency[34].  Recent
optimization  efforts,  therefore,  have  tended  to  move  away  from
uniform production models and toward more diversified and syner-
gistic  configurations  that  can  better  accommodate  local  ecological
constraints,  a  shift  that  also  aims  to  enhance  nitrogen  transforma-
tion  efficiency,  resource  utilization,  and  ecological  performance
across a wide range of conditions[133,134].

To  give  a  broader  picture  of  how  different  co-culture  arrange-
ments  perform, Table  3 brings  together  quantitative  data  from
several  production  models.  These  comparisons  illustrate  how
changes  in  species  composition,  fertilizer  strategies,  and  biological
interactions can affect nitrogen-use efficiency, economic outcomes,
and  environmental  benefits.  Taken  together,  the  accumulated
evidence suggests that nitrogen regulation in co-culture systems is
gradually evolving toward multi-factor and region-specific optimiza-
tion.  Even  so,  several  important  gaps  remain.  For  example,  current
models still struggle to represent the feedback loops linking animal
disturbance,  microbial  processes,  and  hydrological  variation.  Like-
wise,  the  long-term  stability  of  optimized  systems  has  not  been
adequately tested, and the balance between productivity gains and
ecological  risks  remains  unclear.  Moving  forward,  it  will  likely  be
essential  to combine fine-scale monitoring with adaptive modeling
and cross-regional  comparisons,  so  that  the regulatory  frameworks
guiding  nitrogen  management  become  more  reliable  and  broadly
applicable.

 Conclusions

This  review  develops  an  integrated  framework  for  understanding
nitrogen cycling in rice-aquatic animal co-culture systems by examin-
ing how physical disturbance, chemical restructuring, and biologically
driven processes jointly shape nitrogen migration, transformation, and
retention. Drawing on a broad set of empirical studies and micro-scale
mechanistic  evidence,  this  study  proposes  that  enhanced  interface
activity  is  a  central  driver  of  nitrogen  accumulation  within  these
systems. This concept is unpacked as a multi-process synergy created
by  animal  disturbance,  oxygen  released  from  rice  roots,  and  the
continuous influx of organic carbon. In practice, bioturbation markedly
thins  the  diffusive  boundary  layer  and  accelerates  the  movement  of
oxygen, nitrogen species, and organic carbon across the interface. The
micro-oxic  zones  formed  by  rice  roots  intersect  with  the  reducing
patches  generated  by  animal  activity,  producing  a  layered  redox
mosaic  that  supports  nitrification,  denitrification,  anaerobic  ammo-
nium oxidation,  nitrogen fixation,  and related pathways.  At  the  same
time,  gradients  of  organic  carbon  availability  regulate  electron  flow
and  reinforce  the  continuity  and  completeness  of  these  transforma-
tions.  By  synthesizing  findings  on  interface  architecture,  solute  trans-
port  characteristics,  the  dynamics  of  Eh  and  DOC,  and  the  regulatory
roles of temperature and water level,  this review emphasizes that the
interface should not be viewed merely as a reaction zone but rather as
a regulatory platform that determines both the direction and efficiency
of  nitrogen  cycling.  This  cross-scale  perspective  extends  beyond
conventional  whole-field  nitrogen  budgeting  and  provides  a  refined

 

Fig. 4  Schematic of microbial community dynamics, enzyme activities, and nitrogen transformation in rice-aquatic animal co-culture systems.
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analytical  lens for  interpreting nitrogen dynamics in multi-species co-
culture systems.

From  the  biological  perspective,  the  review  consolidates
advances in the study of functional microbial  guilds,  key functional
genes (including amoA, nirS, nosZ,  and nifH), and enzyme-mediated
reaction networks to clarify how microorganisms underpin nitrogen
cycling  stability  at  the  interface. Table  2 illustrates  that  distinct
microbial  groups  occupy  complementary  positions  along  redox
gradients  and  collectively  form  a  closed  nitrogen  cycle  that  links
nitrification,  denitrification,  anaerobic ammonium oxidation,  DNRA,
and nitrogen fixation into a coordinated metabolic chain capable of
maintaining  nitrogen  balance  under  fluctuating  environmental
conditions. The bibliometric analysis further reveals the evolution of
research themes in this field from early emphases on yield and ferti-
lizer  use  efficiency  to  a  growing  focus  on  interface  microenviron-
ments,  microbial  functional  dynamics,  and  greenhouse-gas-related
nitrogen pathways. Meanwhile, the enhanced nitrogen-cycling per-
formance  of  multi-species  co-culture  models  (e.g.,  rice-soft-shelled
turtle-shrimp,  rice-fish-duck)  is  systematically  summarized  and  em-
bedded  within  a  unified  framework  that  links  interface  processes,
functional  responses,  and  system-level  ecological  benefits.  The
evidence  synthesized  in  this  review  demonstrates  that  the  com-
bined  effects  of  animal  disturbance,  root-mediated  regulation,  and
microbial  feedback  promote  more  frequent  internal  nitrogen
cycling, reduce nitrogen losses, increase nitrogen-use efficiency, and
lower  greenhouse  gas  emissions.  Furthermore,  this  review  clarifies
the  principal  material  and  energetic  pathways  that  structure  nitro-
gen  cycling  in  rice-aquatic  animal  systems  and  establishes  a  multi-
layered, process-coupled theoretical foundation to advance ecologi-
cal  understanding  and  support  the  sustainable  management  of
these integrated agroecosystems.

 Future research

Research on nitrogen cycling in rice-aquatic animal co-culture systems
is  gradually  shifting  from  macro-scale  nutrient  balance  assessments
toward micro-scale process analysis and system integration modeling.
Although  substantial  progress  has  been  made  in  elucidating  the
coupling  mechanisms  among  physical,  chemical,  and  biological  pro-
cesses  at  the  interface,  a  systematic  quantification  of  spatiotemporal
dynamics,  energy-coupling  efficiency,  and  the  ecological  regulatory
potential of multi-process interactions remains limited. Future research
should  focus  on  integrating  multi-omics  approaches, in  situ obser-
vation  technologies,  dynamic  interface  modeling,  climate  impact
assessment,  and  ecological  management  optimization  to  deepen
scientific understanding of nitrogen cycling and promote the develop-
ment  of  precision  regulation  and  sustainable  management  in  rice-
aquatic animal co-culture systems.

(1) Integration of multi-omics approaches
Future  studies  should  integrate  metagenomics,  transcriptomics,  pro-
teomics,  and  metabolomics  to  investigate  molecular-level  functional
gene expression and metabolic flux variations in interface microorga-
nisms. By combining microbial community data with physicochemical
parameters,  researchers  can  unravel  the  synergistic  metabolic  net-
works  of  nitrogen-transforming  functional  groups  such  as  ammonia-
oxidizing,  denitrifying,  anammox,  and  nitrogen-fixing  bacteria  and
evaluate  their  responses  to  changes  in  Eh,  DOC,  and  pH.  Multi-omics
integration  will  help  elucidate  the  signal  transduction  and  energy
transfer  pathways linking physical,  chemical,  and biological  processes
at  the  interface,  providing  molecular  ecological  evidence  for  cons-
tructing system-level nitrogen regulation frameworks.

(2) Advancement of in situ observation techniques
The interface reaction zones in rice-aquatic animal co-culture systems
exhibit  pronounced  micro-scale  heterogeneity,  making  traditional
sampling  techniques  insufficient  to  capture  transient  reaction  dyna-
mics.  Future  research  should  advance in  situ analytical  methods
utilizing microelectrodes, optical fiber sensors, NanoSIMS, and confocal
microscopy  to  achieve  high-resolution  monitoring  of  Eh,  dissolved
oxygen,  and  nitrogen  species  diffusion.  Integrating  spatial  imaging
with  temporal  sequence  analysis  will  enable  direct  visualization  of
material  migration  and  microbial  spatial  distributions,  revealing  the
micro-scale  coupling  of  nitrification,  denitrification,  and  anammox
processes.  The development of in situ observation systems will  estab-
lish  a  robust  experimental  foundation  for  understanding  interface
evolution and reaction zone differentiation.

(3) Development of dynamic interface nitrogen cycling models
Future  studies  should  develop  dynamic,  data-driven  models  of  inter-
face nitrogen cycling that integrate multiple data sources. By combin-
ing high-resolution sensors, stable isotope tracing, and metabolic flux
analysis, simultaneous quantification of material, energy, and electron
fluxes  across  the  interface  can  be  achieved.  Parameterizing  the  rela-
tionships  among  disturbance  intensity,  Eh  fluctuations,  and  enzyme
kinetics  will  facilitate  the  establishment  of  nonlinear  dynamic  frame-
works that accurately represent multi-process coupling. These models
will  not  only  predict  spatiotemporal  patterns  of  nitrogen  migration
and  transformation  but  also  elucidate  mechanisms  of  energy  allo-
cation  and  feedback  stability  under  varying  disturbance  conditions,
providing theoretical guidance for quantitative regulation and optimi-
zation of nitrogen cycling.

(4) Climate change impact assessment
Climate  change  poses  significant  risks  and  alters  nitrogen  cycling  in
rice-aquatic  animal  co-culture  systems.  A  systematic  assessment  of
the effects  of  rising temperatures,  elevated atmospheric  CO2 concen-
trations,  and  extreme  precipitation  events  on  interface  structure  and
reaction  dynamics  is  necessary.  Global  warming  may  increase  the
diffusion  rates  of  oxygen  and  nitrogen  compounds,  while  also
potentially  accelerating  denitrification  and  N2O  emissions.  Similarly,
extreme  rainfall  may  modify  hydrological  regimes,  influencing  water
levels,  sediment  disturbance  frequencies,  and  redox  balance.  Com-
bining  controlled  experiments  with  process-based  modeling  can
elucidate  the  bidirectional  effects  of  climate  variables  on  dynamic  Eh
and  microbial  community  responses,  thereby  providing  scientific
support  for  climate-resilient  and sustainable  operation of  rice-aquatic
animal co-culture systems.

(5)  Integration  of  nitrogen  cycling  mechanisms  with  ecological
management
Future  research  should  bridge  the  gap  between  nitrogen  cycling
mechanisms  and  ecological  management  practices,  developing
targeted strategies for aquaculture and fertilization based on interface
regulation.  By  precisely  adjusting  stocking  density,  water  level,  and
fertilization  frequency  and  formulation,  disturbance  intensity  and  Eh
variation  can  be  effectively  managed  to  maintain  a  balance  between
nitrification  and  denitrification  while  minimizing  nitrogen  losses.
Additionally,  ecological  engineering interventions,  such as  enhancing
organic  carbon  input  and  microbial  activity,  can  strengthen  the
system's  self-purification  and  regeneration  capacity.  This  integrated
approach  will  offer  scientific  support  for  developing  low-emission,
high-efficiency  rice-aquatic  farming  systems,  achieving  synergistic
benefits in productivity and environmental protection.

(6) Long-term monitoring and model validation
Long-term,  continuous  observation  is  essential  for  validating  and
refining  nitrogen  cycling  models  in  rice-aquatic  animal  co-culture
systems.  Future  efforts  should  establish  regional  experimental  and

https://doi.org/10.48130/nc-0025-0019

Li et al.  |  Volume 2  |  2026  |  e007 page 13 of 18

https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019
https://doi.org/10.48130/nc-0025-0019


monitoring  networks  that  integrate  sensor-based  field  observations,
remote-sensing  data  assimilation,  and  environmental  big-data  analy-
tics  to  track  nitrogen  migration,  transformation,  and  emission  proc-
esses  at  multiple  spatial  and  temporal  scales.  Coupling  experimental
data  with  model  simulations  will  enable  the  quantification  of  inte-
rannual  variations  and  long-term  stability  of  system  performance,
providing  insights  into  the  spatiotemporal  evolution  of  nitrogen  use
efficiency  and  N2O  emissions.  This  long-term  perspective  will  bridge
the  gap  between  experimental  understanding  and  management
application,  supporting  the  ecological  optimization  and  regional
scaling of rice-aquatic animal co-culture systems.
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