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  HIGHLIGHTS
● The framework of multi-objective nitrogen (N)
management was developed.

● Multi-objective targets were established to
support agriculture sustainable production.

● A food chain approach was developed to
accurately quantify N flow in food system.

● “3R” principle was used in developing N
management strategy.

● The collaboration with different stakeholders
is crucial for promoting technologies.
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  GRAPHICAL ABSTRACT
 

  ABSTRACT
Nitrogen (N) is an essential nutrient for food production. The rapid increase in
population requires high inputs of N to meet the growing food demand. If not
managed  well,  the  substantial  loss  of  N  from  the  food  system  has  multiple
impacts  on grain yield,  air  and water  pollution,  and the economic benefits  of
agricultural.  Multi-objective  (food  security,  environmental  sustainability  and
economic  sustainability)  synergistic  consideration  of  N  management  in  the
food  system  is  still  lacking.  This  study  employed  strategies  for  optimizing  N
management in the food system, using Quzhou County as a typical example on
the  North  China  Plain.  Firstly,  a  food  chain  approach  was  adopted  to
understand  drivers  and  reasons  behind  N  losses  from  the  food  system.
Secondly,  a  top-down  approach  was  used  to  define  multi-objective  N
management,  taking  into  consideration  food  security,  environmental
sustainability  and  economic  sustainability.  Multi-objective  N  management
aims  to  reduce  N  losses  to  the  environment  and  increase  N  use  efficiencies,
while  simultaneously  increasing  yields  and  economic  benefits.  Thirdly,  3R
(reduce-retain-recycle)  N  management  strategies  were  identified  for  specific
crops  and  animals  through  a  bottom-up  approach  and  then  analyzed  the
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potential of these strategies to achieve the multi-objectives. Finally, there is a
discussion  of  how  to  engage  different  stakeholders  to  promote  the
technologies  implementation.  This  study  provides  new  insights  into  the
synergistic achievement of multi-objective N management in the food system
and the development of environmentally-friendly agriculture.

© The Author(s) 2024. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

  

1    Introduction
 
Nitrogen  (N)  is  a  crucial  nutrient  for  food  production,  but
rapid  increase  in  population  is  often  accompanied  by  an
increase  in  N  inputs  required  to  sustain  food  production[1].
Inefficient  N  use  by  food  production  leads  to  significant  N
losses,  resulting  in  environmental  problems  such  as  air
pollution, eutrophication and climate change[2]. To tackle these
issues, the Chinese government initiated a national action plan
for  agriculture  green  development,  which  includes  a  target  of
enhancing  N  use  efficiency,  minimizing  N  losses  to  the
environment  and  simultaneously  increasing  crop  yields[3].
Therefore, it is important for muti-objective N management to
ensure  food  security,  environmental  sustainability  and
economic sustainability.

The North China Plain (NCP) is a region of significant N loss
in  China,  accounting  for  50%  of  the  total  national  N  loss
despite occupying only 10% of the land[4]. Quzhou, located on
the  NCP,  is  a  representative  agricultural  county  where  double
cropping  of  wheat  and  maize  dominates  crop  production.
Additionally, intensive pigs and laying hens production reflect
the  current  regional  structure  of  food  production  on  the
NCP[5].  Although  Quzhou  is  a  demonstration  site  for
agriculture  green  development[5],  it  still  faces  significant
challenges  related  to  N  losses  from  agricultural  practices,
leading to air and water pollution[5]. Agricultural production in
Quzhou  emits  large  ammonia  (NH3)  emission,  resulting  in
annual  average  concentrations  of  NH3 in  the  air  of  about
40 μg·m−3[6,7]. Agricultural NH3 emissions can chemically react
with  acidifying  compounds  (sulfur  dioxide  and  nitrogen
dioxide)  and  contribute  to  PM2.5 pollution[8].  The  annual
average  PM2.5 concentration  in  Quzhou  was  about  56  μg·m−3

during 2019−2021, which is close to that in the Beijing-Tianjin-
Hebei  region (50  μg·m−3)[9–12].  Moreover,  the  nitrate  leaching
from  wheat  and  maize  production  was  209  kg·ha−1 N  in
Quzhou,  exacerbating  the  risk  of  groundwater  pollution[13].
Quzhou  also  made  great  effort  to  optimal  N  management  in
Quzhou.  Various  N  management  technologies  have  been
developed, such as the 4R nutrient management (right fertilizer
type,  right  amount,  right  placement  and  right  time)  and

improvements  in  animal  production  (such  as  low  protein
feeding and manure composting)[14,15]. Therefore, Quzhou can
serve  as  an  ideal  case  study  to  explore  optimizing  N
management on the NCP.
 

2    Challenges and opportunities in
multi-objective N management in the
food system
 
Excessive  N  in  the  food  system,  leading  to  significant
environmental losses, is a prevalent global issue, particularly in
developing  countries[16].  Agriculture  on  the  NCP  faces
challenges  of  high  N  inputs  and  environmental  loss[17].
Implementing  multi-objective  N  management  presents  a
challenge  for  improving  food  production  by  effectively
reducing  N losses,  enhancing  N use  efficiency,  and  increasing
agricultural  yields  and economic benefits[18].  This  challenge is
not  limited  to  China  but  is  also  experienced  in  other  regions
worldwide. For our study, we selected Quzhou County as a case
study, as it would be strongly indicative for the NCP as a whole.
Quzhou County is representative at the county level and serves
as  an  appropriate  spatial  unit  for  making  N  management
recommendations in China. However, achieving the synergistic
realization  of  these  multi-objectives  poses  significant
challenges  to  agricultural  N  management,  as  it  requires
cooperation  between  government,  researchers,  businesses  and
smallholders[19].
 

2.1    One of the major challenges is to accurately
quantify N flows in the food chain
To accurately quantify N flows in the food chain is key step for
optimizing N management. The N losses occur throughout the
entire  food  production  process,  from  crop  production  to
human  consumption[1,4].  However,  reducing  N  losses  is
challenging due to the various forms of N [e.g., NH3,  nitrogen
oxides  (NO2),  nitrate  nitrogen  (NO3−-N)  leaching][2,5].
Researches  on  food  system  should  consider  the  interactions
and nutrient flows between subsystems, as well as the trade-offs
and  synergies  of  innovative  technologies  in  minimizing  N
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losses.  Some models  have  been developed to  quantify  N flows
in  food  production[1,4],  such  as  MITERRA-EUROPE[20],  the
Coupled  Human  and  Natural  Systems  Nitrogen  Cycling
Model[21],  NUFER  (NUtrient  flows  in  Food  chains,
Environment  and  Resource  use)  model[22].  For  example,  Ma
et al.[22] developed the first version of NUFER model to assess
N  losses  and  N  use  efficiencies  in  the  food  system  in  China,
followed  by  several  different  versions  such  as  NUFER-
province[23] and  NUFER-county[4].  These  models  often
overlook the losses of N from specific crop and animal species.
They  typically  focus  on N losses  from chemical  fertilizers  and
animal  manure  without  distinguishing  between  crops  and
animals[5].  This  limitation  is  primarily  due  to  the  lack  of
specific  activity  data  (e.g.,  fertilizer  application)  and  emission
factors  (such  as  NH3 and  N2O  emission  factors).  Developing
new models to accurately quantify N flows in the food chain at
the  county  scale,  while  considering  the  contributions  of
different crops and animals, poses a significant challenge.
 

2.2    Second challenge is to develop multi-objective
N management targets
The establishment of  multi-objective goals  for N management
will provide benchmarks for effectively proposing optimized N
management. N losses from food system have different impact,
such  as  air  and  groundwater  pollution[24].  For  example,  there
are considerable losses of N in the form of NH3 emissions to air
and  NO3−-N  leaching  to  groundwater[24].  These  losses
contribute to PM2.5 pollution and the accumulation of nitrates
in  groundwater,  posing  significant  risks  to  human  health[2,5].
In addition, excessive N inputs can lead to significant N losses,
such  as  those  resulting  from  over-fertilization.  These  high
inputs  do  not  lead  to  increased  yields  and  result  in  wasted
economic investments for farmers. Most studies tends to be an
assessment  of  the  abatement  potential  and  cost-benefit  of  N
management  technologies[2,25].  Lack  of  establishment  of  N
management  targets  to  constrain  agricultural  production  to
achieve  a  win-win  situation  for  both  food  production  and
environmental protection. Schulte-Uebbing et al.[26] developed
the N emissions target of crop production, which links impact
of  surface  water,  deposition,  and  groundwater,  but  this  study
did  not  consider  whole  food  production.  How  to  establish  N
management  target  that  integrate  food  safety,  environmental
sustainability  and  economic  sustainability  is  an  important
challenge for optimizing N management.
 

2.3    Third challenge is to develop effective N
management solution
N  management  options  has  received  widely  attention[2,27].

Various  N  management  technologies  have  been  developed  in
crop  and  animal  production[25].  For  example,  optimal  N
application rate can achieve 21% yield increase, 15% reduction
of N fertilizer application and 35% reduction of N losses[17,28].
Enhanced  fertilizer  (such  as  urease  inhibitor  products  and
coasted controlled release fertilizer) can reduce N losses by 22%
to 64%, of which the urease inhibitor products can reduce NH3

emissions  from  crop  production  by  63%[29].  In  animal
production, reducing crude protein feeding levels by 1% to 2%
does  not  impact  animal  production  and  can  significantly
reduce  total  N  excretion  by  10%  compared  to  traditional
feeding levels[30]. Manure mulching technology can reduce the
contact area of manure and urine with the air, realizing a 50%
to  98%  reduction  in  NH3 emissions[31].  However,  current
research  focuses  on  analyzing  the  potential  for  technical
emission reductions in crop production or animal production,
and lacks a management strategy for N management based on
N management targets. In addition, the full implementation of
these N management technologies (such as enhanced fertilizer
and  low  protein  feeding)  is  hindered  by  various  constraints,
such  as  limited  technology  knowledge,  high  implementation
costs  for  farmers  and the  introduction of  new technologies  or
products[19,32].  How  to  explore  effective  options  to  meet  N
emissions  target  is  an  important  challenge  for  optimizing  N
management.
 

3    Framework for optimizing N
management in the food system
 
We present a framework for optimizing N management in the
food  system  (Fig. 1).  In  this  study,  we  used  a  top-down  and
bottom-up  approaches  to  explore  optimizing  N  management,
taking  Quzhou  as  a  case  study.  The  top-down  approach
involves  defining  multi-objective  N  management  that
integrates  food  security,  environmental  sustainability,  and
economic  sustainability.  The  bottom-up  approach  involves
identifying  3Rs  (reduce-reuse-recycle)  management  strategies
for  specific  crops  and  animals  through  local  fieldwork  in
Quzhou.  Ultimately,  the  optimization  of  N  management
options is formulated to achieve multi-objectives synergistically
in  the  food  system.  The  framework  serves  the  following
purposes: (1) quantifying the N flows in the food system using
the  NUFER  model;  (2)  identifying  multi-objective  N  targets
that  consider  food  security,  and  environmental  and  economic
sustainability;  and  (3)  exploring  effective  N  management
options  to  achieve  these  multi-objectives  through  scenario
analysis.  The  application  of  the  framework  in  Quzhou  is
described below. 
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3.1    The N flow in the food system in Quzhou in
2020
To  gain  a  better  understanding  of  understand  drivers  and
reasons  behind  N  losses  from  the  food  system.  Meng  et  al.[5]

improved  the  NUFER-county  model  and  successfully
quantified  N  losses  from  different  crops  and  animals  in  the
food  system  of  Quzhou.  In  this  study,  we  use  the  NUFER-
county  model  to  quantify  the  N flows  in  the  food  system and
identify  the  contribution  of  different  crops  and  animals  in
Quzhou in 2020. We further updated data on local farmer diets
using  a  farmer  survey,  and  agricultural  actives  data  (such  as
animal  number  and  crop  yield)  in  Quzhou  in  2020[33,34].  The
uncertain and evaluation of NUFER model in Quzhou see the
Meng et al.[5]. We found the N losses to the environment from
the  food  chain  in  Quzhou  in  2020  amounted  to  9.4  kt,  with
about  88%  of  these  losses  stemming  from  crop  and  animal
production  (Fig. 2).  These  can  be  explained  by  the  low  N  use
efficiency (19%) of  food production.  Among crop production,
wheat,  maize,  and  vegetables  accounted  for  77%  of  N  losses,
while  pigs  and laying  hens  were  responsible  for  71% of  the  N
losses from animal production. NH3 and N2O emissions to air
were  calculated  to  be  4.6  and  0.4  kt,  respectively.  N  losses  to
water  from  direct  discharges  of  manure,  leaching,  runoff  and

erosions were 4.4 kt  in total.  NH3 emissions to air  and nitrate
leaching  to  water  contribute  to  69%  of  total  N  losses  to  the
environment  in  Quzhou.  Hence,  it  is  crucial  to  prioritize  N
management  in  both  crop  and animal  production  throughout
the entire food system.
 

3.2    Multi-objective of N management target for
food system in Quzhou
The  multi-objective  N  management  target  was  developed,
which  integrates  food  security,  and  environmental  and
economic  sustainability.  To  better  understand  the  multi-
objective  N  management  targets,  some  indicators  have  been
selected taking into main N losses pathway in the food system,
local  environmental  pollution  problem  and  data  availability
(Table 1).  For  environmental  sustainability,  this  study focused
more  on  reducing  effect  of  air  and  water  pollution  and
improving N resource efficiency. The NH3 emissions target was
set  to  meet  Chinese  PM2.5 standard  (35  μg·m−3),  while  the
target  for  NO3−-N  leaching  was  set  to  meet  the  safe  drinking
groundwater  nitrate  concentration  standard  (11.3  mg·L−1

NO3−-N) set by World Health Origination. And our study also
considers  N  use  efficiency  in  food  production  and  cereal

 

 
Fig. 1    Integrated assessment framework for evaluating N losses and improvement of N management in the food system in Quzhou, North
China Plain. The whole food chain assessment by NUFER (NUtrient flows in Food chains, Environment and Resource use) model[5].
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production at least no lower current situation. In terms of food
security,  the  primary  focus  is  on  ensuring  an  adequate  supply
of  crops  and  animal  food  for  the  local  population,  aiming  for
local  food  self-sufficiency  (ratio  of  food  consumption  to  food
production,  with  a  food  self-sufficiency  rate  of  not  less  than
95%[35],  supply  enough  protein  for  human  health,  daily  per
capita  intake  of  78  g  of  protein  as  a  health  standard  in
China[36].  The  protein  production  of  crop  and  animal

production is calculated by sum of protein of crop and animal
products  in  Quzhou  in  2020.  Furthermore,  economic
indicators are considered to promote agricultural benefits, with
agriculture  value serving as  indicator  to  better  understand the
status  of  agricultural  practices.  The  agriculture  value  was
calculated by sum of different crops and animal products from
Quzhou statistics in 2020. In our study, we assume the target of
agriculture value at least no lower current situation.
 

 

 
Fig. 2    N losses (kt) to environment (a), from crop production (b), and animal production (c) in Quzhou in 2020. The total N losses included
ammonia, nitrous oxide, leaching, runoff and erosion, and direct discharge of manure (discharge).

 

  

Table 1    The effective options for multi-objective N management in the food system in Quzhou

Three pillars Indicator Units Current (2020) Optimal major crops
and animals Target

Food security　 Cereal (wheat and maize)
production

kt 398 459 398

Protein production of crop and
animal production

kt 36 39 15

Food self-sufficiency rate % 256 279 95

Environmental
sustainability　

Ammonia emission from food
production (air)

kt 4.6 3.59 2.1

Nitrate nitrogen leaching from food
production (water)

kt 1.9 1.67 1.7

N use efficiency in food production % 19 25 19

Economic
sustainability

Agriculture value CNY 3.5 × 109 3.8 × 109 3.5 × 109

Note: Comprehensive measures for major crops and animals: concurrent improvement of N management for maize, wheat, laying hens and pigs; improvement of wheat and maize
production by reducing N fertilizer application rates, deep fertilizer placement and urease inhibitor technology; and improvement of pigs and laying hens production by a combination
of low crude protein, additives during composting and increasing manure return croplands. The values given in green meet targets but those in red did not.
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3.3    Effective options for achievement multi-
objective N management in the food system
Our  study  considered  the  3R  principles  to  summary  N
management option in the entire food system in Quzhou based
on local  fieldwork  and  literature  summary:  reduce  N input  in
food  production,  such  as  optimal  N  application  rate  and  low
protein  feeding;  retain  N  within  the  system  food  system  by
minimizing losses, such as deep application fertilizer, enhanced
fertilizer;  and  recycle  manure  to  croplands.  China  has  a  strict
policy  prohibiting  direct  discharge  of  manure  and  the
utilization rate of manure resources has reached about 90%[37].
Various  N  management  technologies  in  crop  and  animal
production have been developed in Quzhou, which can be used
to  support  the  identification  of  effective  options.  In  terms  of
crop  production,  the  integrated  of  optimal  N  rates,  deep
fertilizer  placement  and  the  application  of  urease  inhibitors
resulted in a reduction of NH3 emissions by 49% and 39%, an
increase  in  N  use  efficiency  by  28%  and  40%,  and  a  25%  and
19%  increase  in  benefits  to  farmers  for  wheat  and  maize  in
Quzhou,  respectively[19].  For  animal  production  in  Quzhou,
comprehensive measures such as reducing crude protein levels,
using  additives  during  composting  and  utilizing  chemical
fertilizers  with  recycled  manure  were  found  to  decrease
reactive  N  and  NH3 emissions  by  52%  and  34%,  respectively,
while  increasing  N  use  efficiency  by  52%  in  the  laying  hens-
crops system[14]. The increase of agricultural value comes from
the  increase  in  the  production  of  wheat  and  maize,  and  from
the  scale  effect  of  egg  production  in  Quzhou.  In  addition,
government,  enterprises  and  local  farmers  have  jointly
established a laying-hens cooperative, which has realized a 23%
increase  in  the  value  of  egg  production  by  implementing
laying-hens  whole  chain  emission  reduction  technology  and
creating  a  green  production  brand  for  laying  hens  while
classifying eggs for sale[38].

We  used  NUFER  model  to  explore  effective  N  management
solutions  to  achieve  multi-objectives  N  management  through
scenario  analysis,  which  is  show  in  a  combine  of  summary  of
options  for  Quzhou  (Table 1).  A  combination  of  reduced  N
fertilizer,  deep  fertilizer  placement,  urease  inhibitor
technology,  low  crude  protein,  additives  during  composting
and  increase  manure  return  croplands  can  reduce  nitrate
leaching by 12%, while increasing grain yield by 15% and N use
efficiency  of  food  production  by  31%,  achieving  the  emission
reduction goal of multi-objective in the food system, compared
the  reference  year-2020.  However,  the  NH3 emissions
reduction  achieved  was  only  22%,  which  did  not  meet  NH3

emissions  target.  In  the  future,  we  need  to  explore  more
effective  N  management  measures  and  simultaneously
optimize N management for other crops and animals. 

3.4    Collaborating with different stakeholders to
promote technology implementation
To promote the implementation of  N management options,  it
is  important  to  foster  collaboration  between  all
stakeholders[19,32].  While  scientists  and  enterprises  develop
new technologies and products, their adoption by farmers may
be limited without the support of the government. It is crucial
for  farmers  to  trust  scientists,  enterprises  and  government,  or
at  the  very  least,  be  curious  and  willing  to  implement  these
options[32].  Therefore,  establishing  effective  linkages  between
stakeholders  is  necessary  to  accelerate  technology  innovation,
transfer and application.

In  the  case  of  Quzhou,  the  demonstration-square  model  was
developed  to  balance  food  security  and  improve  air  quality.
This  model  involves  collaboration  between  government,
researchers, enterprises and local farmers to co-develop feasible
N  management  options[32].  For  example,  researchers,  such  as
Science Technology Backyard students, conduct field trials and
provide guidance on management to leading farmers, allowing
them  to  explore  the  effects  of  potential  practices  for  reducing
NH3 emissions  in  maize  and  wheat  production.  The  local
government  contributes  by  implementing  policies  that
encourage and support  farmers  in  adopting new technologies,
as  well  as  providing  financial  subsidies  to  reduce  costs  and
support  the  purchase  of  new  types  of  fertilizers.  Enterprises
contribute by producing stable and effective fertilizer products
that  include  urease  inhibitors.  Additionally,  smallholder
farmers  learn  new  technologies  from  the  leader  farmer  and
spread  these  ideas  among  other  farmers  in  Quzhou[19,32].
Collaborating  with  different  stakeholders  to  create  and
implement  new  technological  approaches  can  be  effective  in
facilitating technology transfer and application[19,32]

 

4    Concluding remarks and outlook
 
We  have  developed  a  framework  to  explore  strategies  for
optimizing  N management  in  the  food system.  This  approach
was applied to Quzhou County on the North China Plain as a
representative  case  study,  with  the  aim  of  defining  multi-
objective N management and identifying options for achieving
multi-objectives  N  management.  Our  research  has  three  key
contributions.

First, we further improve NUFER-county model to quantify N
flows  in  the  food  system  and  contribution  of  different  crops
and  animals  in  Quzhou  in  2020.  This  model  helped  us
understand  the  drivers  and  reasons  behind  N  losses  from  the
food system. This main approach by NUFER model combines
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farmer surveys,  monitoring data (e.g.,  NH3 and N2O emission
factor) and statistical data. Our approach can help to prioritize
options  to  reduce  N losses  from crop  and  animal  production.
In the future study, to accurately quantify N flows in the food
chain,  we  should  strengthen  the  integration  of  modeling
methods  and  monitoring  data,  especially  by  updating  key
parameters of the model based on monitoring data.

Second,  we  explored  the  development  of  multi-objective  N
emissions  target  in  the  food  system  in  Quzhou.  In  our  study,
we  built  the  relationships  between  the  main  N  loss  pathway
and  local  environmental  problems.  The  targets  for  NH3

emissions  and  NO3−-N  leaching  were  developed,  which
combine of Chinese PM2.5 standard (35 μg·m−3) and a drinking
water  standard  of  11.3  mg·L−1 NO3−-N.  Meanwhile,  we  also
selected  food  self-sufficiency  rate,  protein  production  of  crop
and  animal  production,  and  agriculture  value  as  indictors  to
ensure food security and economic sustainability. In the future,
the  multi-objective  N  emissions  target  need  more  explore.  In
China,  different  counties  will  likely  have  differing
environmental problems. In northern China, PM2.5 is a serious
problem. However, eutrophication of water bodies may also be
a  problem  in  southern  China.  We  should  developed  N
management  targets  to  match  the  main  agricultural
development problems specific to a local area. In addition, food
security  does  not  only  consider  enough  food  supply,  we  also

need  consider  nutritional  quality,  and  affordability  and
accessibility  of  food  items.  In  the  future  study,  we  will  be
important to consider different N management targets for food
security.

Third,  we  followed  the  3R  principle  to  explore  optimizing  N
management  to  meet  the  multi-objective  goals  in  Quzhou.  A
combination of  reduced N fertilizer,  deep fertilizer placement,
urease  inhibitor  technology,  low  crude  protein,  additives
during  composting  and  more  manure  return  to  croplands  in
crop  and  animal  production  provide  possible  ways  to  meet
these  N  managing  targets.  With  the  development  of  N
management  technologies,  such  as  crop  rotations,  planting
densities, timing of crop husbandry practices, improved genetic
crop  varieties,  improved  animal  breeds,  changes  in  animal
categories  and  housing  systems,  which  will  give  more  options
to  meet  N  management  targets.  Technology  costs  and  farmer
acceptance  will  also  need  to  be  assessed  in  the  future.  In
addition,  we  will  also  need  to  explore  structurer  strategies  to
meet  future  food  demanding  and  N  management  targets.  In
future  study,  the  technical,  structural  and  consumption-based
measures on N management need to be a key focus for the food
system.  To  achieve  a  synthesis  of  multi-objective  N
management,  it  is  crucial  for  scientists  and  stakeholders  from
different sectors, such as government, enterprises and farmers,
to collaborate and integrate their expertise and approaches.
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