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  HIGHLIGHTS
● A composite N management index is proposed

to measure agriculture sustainability.
● Nitrogen management has been moving towards

sustainability targets globally.
● The improvement was achieved mainly by yield

increase, while nitrogen use efficiency (NUE)
stagnated.

● No country achieved both yield and NUE targets
and spatial variation is large.

● Region-specific yield targets can be used to
supplement the standard sustainable nitrogen
management index (SNMI).

Received March 3, 2022;
Accepted July 14, 2022.

Correspondence: xin.zhang@umces.edu

  GRAPHICAL ABSTRACT
ڀ

  ABSTRACT
To  represent  the  sustainability  of  nitrogen  management  in  the  Sustainable
Development  Goals  indicator  framework,  this  paper  proposes  a  sustainable
nitrogen management index (SNMI).  This  index combines the performance in
N crop yield  and N use efficiency (NUE),  thereby accounting for  the need for
both  food  production  and  environmental  protection.  Applying  SNMI  to
countries  around  the  world,  the  results  showed  improvement  in  the  overall
sustainability  of  crop  N  management  over  the  past  four  decades,  but  this
improvement  has  been  mainly  achieved  by  crop  yield  increase,  while  global
NUE has improved only slightly. SNMI values vary largely among countries, and
this  variation  has  increased  since  the  1970s,  implying  different  levels  of
success,  even  failure,  in  improving  N  management  for  countries  around  the
world. In the standard SNMI assessment, the reference NUE was defined as 1.0
(considered  an  ideal  NUE)  and  the  reference  yield  was  defined  as
90 kg·ha−1·yr−1 N (considering a globally averaged yield target for meeting food
demand in 2050). A sensitivity test that replaced the reference NUE of 1.0 with
more  realistic  NUE  targets  of  0.8  or  0.9  showed  overall  reduction  in  SNMI
values  (i.e.,  improved  performance),  but  little  change  in  the  ranking  among
countries.  In  another  test  that  replaced  the  universal  reference  yield  with
region-specific  attainable  yield,  SNMI  values  declined  (i.e.,  improved
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performance)  for  most  countries  in  Africa  and  West  Asia,  whereas  they
increased for many countries in Europe and South America. The index can be
improved  by  further  investigation  of  approaches  for  setting  region-specific
yield  targets  and  high-quality  data  on  crop  yield  potentials.  Overall,  SNMI
offers  promise  for  a  simple  and  transparent  approach  to  assess  progress  of
countries toward sustainable N management with a single indicator.

© The Author(s) 2022. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)
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 1    INTRODUCTION
ڀ
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/�CVGGFSJOH�JT�SFMBUJWFMZ�TNBMM�BOE�DSPQ�HSPXUI�SFBDUT�RVJDLMZ�UP
B �SFEVDUJPO �JO �/ �JOQVU� �)PXFWFS
 �UIF �SBQJEMZ �JODSFBTJOH
SFBDUJWF �/�MPBE�GSPN�IVNBO�BDUJWJUJFT �UP �UIF�FBSUI�TZTUFN�IBT
MFE �UP �TFWFSF �FOWJSPONFOUBM �JTTVFT<�>� GSPN �XBUFS �BOE �BJS
QPMMVUJPO�PO�MPDBM�BOE�SFHJPOBM�TDBMFT�	4%(T���BOE���
�UP�P[POF
EFQMFUJPO �BOE �DMJNBUF �DIBOHF �PO �B �HMPCBM �TDBMF �	4%( ���


UISFBUFOJOH �FDPTZTUFNT �BOE �IVNBO �IFBMUI �	4%(T �� �BOE ���
�
$VSSFOUMZ
 �UIF �BNPVOU �PG �SFBDUJWF �/ �BEEFE �CZ �BHSJDVMUVSBM
QSPEVDUJPO �UP �UIF �FBSUI �TZTUFN �BNPVOUT �UP ���� �5HrZS¦�� /

BDDPVOUJOH �GPS ���� �PG �BMM �SFBDUJWF �/ �BEEFE �CZ �IVNBO
BDUJWJUJFT<�>� BOE �FYDFFEJOH �UIF �FTUJNBUFE �QMBOFUBSZ �CPVOEBSZ
UIBU �EFMJOFBUFT �UIF �TBGF �PQFSBUJOH �TQBDF �GPS �IVNBOJUZ<�
�>�
&GGJDJFOUMZ �NBOBHJOH �/ �JO �BHSJDVMUVSBM �QSPEVDUJPO �BOE �UIVT
FOIBODJOH �UIF �/ �VTF �FGGJDJFODZ �	/6&
 �JT �DSJUJDBM �GPS �CSJOHJOH
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 �BOE
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QSPQPTFE �GPS �NFBTVSJOH �QSPHSFTT �UPXBSE �TVTUBJOBCMF
BHSJDVMUVSF
 �OBNFMZ �UIF �QSPQPSUJPO �PG �BHSJDVMUVSBM �BSFB �VOEFS
QSPEVDUJWF�BOE�TVTUBJOBCMF�BHSJDVMUVSF
�XIJDI�JT�BTTFTTFE�CBTFE
PO �GBSN �TVSWFZT �BOE ��� �TVC�JOEJDBUPST<�>� �"NPOH �UIFTF �TVC�
JOEJDBUPST
�POMZ�NBOBHFNFOU�PG�GFSUJMJ[FST�JT�EJSFDUMZ�SFMBUFE�UP
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QFSGPSNBODF �PG �UIF �/ �NBOBHFNFOU �DPOTJEFSJOH �UIF �OFFE �GPS
CPUI �SFBDIJOH �UBSHFU �DSPQ �ZJFMET �BOE �MJNJUJOH �/ �QPMMVUJPO �CZ

MPTTFT �UP �BJS �BOE �XBUFS<�>� �*O �BEEJUJPO �UP �UIF �6/
 �B �HSPXJOH
OVNCFS �PG �DPVOUSJFT �BOE �PSHBOJ[BUJPOT �BSF �EFWFMPQJOH
JOEJDBUPS �MJTUT �UP �BTTFTT �QSPHSFTT �PG �DPVOUSJFT �UPXBSE �4%(T �PS
JNQBDUT �PO�UIF �FOWJSPONFOU<�o��>
 �CVU �GFX�JODMVEFE�JOEJDBUPST
UIBU �NFBTVSF �UIF �QFSGPSNBODF �PG �BHSJDVMUVSBM �/
NBOBHFNFOU<��
��>�

8IJMF �TFWFSBM �/ �JOEJDBUPST �BSF �VTFE �GPS �HVJEJOH �PO�GBSN �/
NBOBHFNFOU �BOE �SFHJPOBM �FOWJSPONFOUBM �BOE �BHSJDVMUVSBM
QPMJDJFT
 �EJSFDUMZ �BQQMZJOH �UIFTF �JOEJDBUPST �XJUIJO �UIF �NPSF
DPNQMFY �4%( �JOEJDBUPS �GSBNFXPSL �JT �QSPCMFNBUJD� �'PS
FYBNQMF
 �/6&
 �EFGJOFE �BT �UIF �GSBDUJPO �PG �BMM �/ �JOQVUT
	GFSUJMJ[FST
 �NBOVSFT
 �CJPMPHJDBM �/ �GJYBUJPO
 �BUNPTQIFSJD �/
EFQPTJUJPO
 �UIBU �JT �IBSWFTUFE �BT �DSPQ �QSPEVDUT<��>
 �IBT �CFFO
XJEFMZ �VTFE �UP �JOEJDBUF �UIF �FGGJDJFODZ �PG �/ �VTF �JO �BHSJDVMUVSBM
QSPEVDUJPO��/6&�JT�VTVBMMZ�DPOTJEFSFE�UP�CF�QPTJUJWFMZ�SFMBUFE
UP �UIF �FOWJSPONFOUBM �QFSGPSNBODF �PG �BHSJDVMUVSBM �QSPEVDUJPO

BOE �B �HPPE �DBOEJEBUF �UP �FWBMVBUF �QFSGPSNBODF �PG �DPVOUSJFT
VOEFS �4%(�
 �FTQFDJBMMZ �GPS �TVTUBJOBCMF �BHSJDVMUVSF� �)PXFWFS

XIJMF �BO �JODSFBTF �PG �/6& �GSPN ��� �UP ����� �JOEJDBUFT
JNQSPWFNFOU �JO �FGGJDJFODZ �PG �/ �VTF
 �B �DPOUJOVFE �JODSFBTF
CFZPOE ����� �JNQMJFT �TPJM �NJOJOH �	J�F�
 �NPSF �/ �JT �CFJOH
SFNPWFE�GSPN�UIF�TPJM�BU�IBSWFTU�UIBO�JT�CFJOH�SFUVSOFE

�XIJDI
EFHSBEFT�TPJM�GFSUJMJUZ�BOE�MPXFST�DSPQ�ZJFME�JO�UIF�MPOH�UFSN��*O
BEEJUJPO
 �IJTUPSJDBM �/6& �USBKFDUPSJFT �BU �UIF �DPVOUSZ �MFWFM
TVHHFTU�UIBU�/6&�JT�VTVBMMZ�WFSZ�IJHI�XIFO�CPUI�/�JOQVUT�BOE
DSPQ�ZJFMET�BSF�MPX<��>
�XIJDI�JT�OPU�DPNQBUJCMF�XJUI�BDIJFWJOH
UIF �GJSTU �QBSU �PG �4%(� �PG �SFEVDJOH �IVOHFS� �5IFSFGPSF
 �/6&
OFFET �UP �CF �QVU �JO �DPOUFYU �PG �DSPQ �ZJFME� �5IF �/ �NBOBHFNFOU
DIBMMFOHF �JT �UP �QSPEVDF �FOPVHI �GPPE �XJUI �MPX �/ �MPTTFT

JNQMZJOH�IJHI�DSPQ�ZJFMET�BU�IJHI�/6&<�>�

5P �SFQSFTFOU �UIF �TVTUBJOBCJMJUZ �PG �/ �NBOBHFNFOU �XJUIJO �UIF
4%( �JOEJDBUPS �GSBNFXPSL
 �JODMVEJOH �UIF �OFFE �GPS �CPUI �GPPE
QSPEVDUJPO �BOE �FOWJSPONFOUBM �QSPUFDUJPO
 �XF �QSPQPTFE �B
TVTUBJOBCMF �OJUSPHFO �NBOBHFNFOU �JOEFY �	4/.*
� �8F �GJSTU
SFQPSU �JUT �QSJODJQMF �BOE�UIF�XBZ�JO�XIJDI�XF�QBSBNFUFSJ[F�UIF
JOEFY �GPS �HMPCBM �TDBMF �BQQMJDBUJPO �	4FDUJPO ��

 �GPMMPXFE �CZ �BO
FWBMVBUJPO �PG �USFOET �BOE �TQBUJBM �WBSJBUJPO �JO �UIF �4/.* �GPS
DPVOUSJFT �BSPVOE�UIF �XPSME �	4FDUJPO��
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 �XF�EJTDVTT �JUT
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BEWBOUBHF �BOE �MJNJUBUJPOT
 �BOE �JOEJDBUF �EJSFDUJPOT �GPS �GVUVSF
JNQSPWFNFOU�	4FDUJPO��
�

 2    THE SUSTAINABLE NITROGEN
MANAGEMENT INDEX: PRINCIPLE
AND PARAMETERIZATION
ڀ
 

2.1    The proposed indicator
5P �QSPWJEF �B �NPSF �DPNQSFIFOTJWF �NFBTVSFNFOU �PG �UIF
TVTUBJOBCJMJUZ �PG �UIF �BHSJDVMUVSBM �QSPEVDUJPO �JO �B �TJOHMF �JOEFY

XF �QSPQPTF �BO �BHSJDVMUVSBM �4/.*
 �XIJDI �DPOTJEFST �UXP
JNQPSUBOU �FGGJDJFODZ �UFSNT �JO �DSPQ �QSPEVDUJPO
 �OBNFMZ �/6&
BOE �MBOE �VTF �FGGJDJFODZ �	DSPQ �ZJFME
� :JFME
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EJNFOTJPOBM�SBOLJOH�TDPSF�	'JH���
�

.PSF �TQFDJGJDBMMZ
 �4/.* �DBMDVMBUFT �HFPNFUSJDBMMZ �IPX �GBS �UIF
DVSSFOU �QPTJUJPO�PG �B �DPVOUSZ �JO �UIF �OPSNBMJ[FE�/6&�	/6&*

BOE�OPSNBMJ[FE�ZJFME�	/:JFME*
�TQBDF�JT�GSPN�B�SFGFSFODF�QPJOU
JO�B�UXP�EJNFOTJPOBM�HSBQIJD�	'JH���
��)FSF�/6&*�JT�EFGJOFE�BT
/6&�EJWJEFE�CZ�B�SFGFSFODF�/6&�	/6&SFG����
�BOE�/6&�WBMVFT
����BSF�BEKVTUFE�EPXOXBSE�UP�BWPJE�JOGMBUJOH�UIF�TDPSF�EVF�UP

NJOJOH�PG�TPJM�/��/6&*�JT�TFU�UP�[FSP�JO�GFX�JOTUBODFT�XIFSF�/
JOQVUT �JO �B �DPVOUSZ �BSF �TP �MPX �UIBU �/6& �� �� �	4FF �'JH� �4� �GPS
GVSUIFS �FYQMBOBUJPO
� �5IF �OPSNBMJ[FE �DSPQ �ZJFME �JT �EFGJOFE �BT
UIF �DSPQ �ZJFME �EJWJEFE �CZ �B �SFGFSFODF �DSPQ �ZJFME �	/:JFMESFG� �
�� �LHrIB¦�
� �5IF �SFGFSFODF �ZJFME �MFWFM �JT �EFGJOFE �UP �NFBTVSF
QSPHSFTT �PG �B �DPVOUSZ �UPXBSE �BDIJFWJOH �B �DFSUBJO �ZJFME �UBSHFU

XIJDI �BEESFTTFT �MBOE �VTF �FGGJDJFODZ �BOE �GPPE �TFDVSJUZ�
4VTUBJOBCMF �/ �NBOBHFNFOU �XJMM �CF �SFGMFDUFE �CZ �4/.* �WBMVFT
DMPTF �UP �[FSP
 �BT �CPUI �ZJFME �BOE �/6& �BQQSPBDI �UIFJS �UBSHFUT�
#PUI �OPSNBMJ[FE �/6& �BOE �ZJFME �WBMVFT �BSF �LFQU �XJUIJO �UIF
TBNF �SBOHF �	�o�
 �TP �UIBU �UIF �DPNQPTJUF �4/.* �WBMVF �JT �MFTT
MJLFMZ �UP �CF �CJBTFE �UPXBSE �ZJFME �PS �/6& �QFSGPSNBODF �EVF �UP
EJGGFSFOU �WBMVF �SBOHFT� �"T �NPSF �EBUB �CFDPNF �BWBJMBCMF
 �UIF
4/.* �DPVME �CF �SFWJFXFE �BOE �JNQSPWFE �CZ �JODMVEJOH �NPSF
FGGJDJFODZ �UFSNT �JO �DSPQ �QSPEVDUJPO
 �TVDI �BT �XBUFS �VTF
FGGJDJFODZ
�JO�B�NVMUJEJNFOTJPOBM�TQBDF<��>�

5IF�NBUIFNBUJDBM�EFGJOJUJPO�PG�4/.*�JT�UIF�&VDMJEFBO�EJTUBODF
GSPN�BO�JEFBM�QPJOU�UBSHFUFE�GPS�/6&�BOE�ZJFME
�UIF�FRVBUJPO�JT
BT�GPMMPXT�	TFF�'JH����GPS�BO�FYBNQMF
�
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ڀ
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2.2    Parameterization for global assessment
#BTFE�PO�UIJT�QSPQPTFE�NFUIPE
�XF�DPNQVUFE�UIF�4/.*�VTJOH
DPVOUSZ�MFWFM �EBUB �PO �/ �ZJFME �BOE �/6& �GSPN �UIF �'"0 �TPJM
OVUSJFOU �CVEHFU �EBUBCBTF<��
��>� �5IJT �EBUBCBTF �JT �VTFE �JO �UIJT
TUVEZ �CFDBVTF �JU �QSPWJEFT �DPOTJTUFOU �EBUB �PO �/ �CVEHFUT �XJUI
MBSHF �TQBUJBM �	��� �DPVOUSJFT �PS �SFHJPOT
 �BOE �UFNQPSBM �	����¦
����
 �DPWFSBHF� �'VSUIFS �JNQSPWFNFOU �PG �UIJT �EBUBCBTF �JT
OFFEFE
�JODMVEJOH�BO�JNQSPWFE�BMMPDBUJPO�PG�/�GFSUJMJ[FS�BOE�/
NBOVSF�JOQVUT�UP�DSPQMBOET�BOE�BO�JNQSPWFE�BTTFTTNFOU�PG�UIF
DSPQMBOE �BSFB<��>� 	'JH� �4� �BOE �'JH� �4�
 �TFF �UIF �TFDUJPO �PO �EBUB
RVBMJUZ�JO�TVQQMFNFOUBSZ�NBUFSJBMT
��)PXFWFS
�SFTPMWJOH�JTTVFT
BSPVOE �EBUB �RVBMJUZ �JT �CFZPOE �UIF �TDPQF �PG �UIJT �QBQFS
 �XIJDI
GPDVTFT�PO�FTUBCMJTIJOH�UIF�NFUIPEPMPHZ�GPS�UIF�JOEJDBUPS�UIBU
DPVME�CF�BQQMJFE�VTJOH�EBUB�GSPN�EJGGFSFOU�EBUBCBTFT�PO�WBSJPVT
TQBUJBM�TDBMFT�

ڀ

ڀ
Fig. 1    Graphical  representation  of  the  calculation  of  the
sustainable  nitrogen  management  index  (SNMI)  based  on
normalized  N  yield  (NYield*,  defined  in  Eq.  (2))  and  N  use
efficiency (NUE*, defined in Eq. (3)). The blue star corresponds
to the reference points (target values) for NUE and yield; while
the blue circle is an example of a country that has a normalized
NUE  and  N  yield  level  at NUE* and NYield*,  respectively.  The
low  values  in  the  upper  right  are  the  desired  scores  (highest
ranking).

ڀ
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5P�JMMVTUSBUF�UIF�QSJODJQMF�BOE�FWBMVBUF�CPUI�HMPCBM�TDBMF�USFOET
BOE �UIF �DPVOUSZ �WBSJBUJPO �JO �DVSSFOU �4/.* �WBMVFT
 �XF �VTFE �B
SFGFSFODF �ZJFME �MFWFM �PG ��� �LHrIB¦�rZS¦�� /
 �XIJDI �JT
BQQSPYJNBUFMZ�UIF�SFRVJSFE�/�ZJFME
�BWFSBHFE�HMPCBMMZ
�UP�NFFU
���� �DSPQ �QSPEVDUJPO �UBSHFUT �XJUIPVU �DSPQMBOE �FYQBOTJPO<��>�
'PS �BQQMJDBUJPOT �PG �4/.* �PO �DPVOUSZ �BOE �TVCOBUJPOBM �TDBMFT

UIF �SFGFSFODF �/6& �DBO �CF �BEBQUFE �BDDPSEJOH �UP �B �NBYJNVN
GFBTJCMF�/6&�VOEFS�CFTU�NBOBHFNFOU�BU�XIJDI�OP�TPJM�NJOJOH
PDDVST�	TFF�4FDUJPO����
�BOE�UIF�SFGFSFODF�ZJFME�DBO�CF�BEBQUFE
BDDPSEJOH�UP�B�ZJFME�UBSHFU�GPS�B�DPVOUSZ�PS�B�SFHJPO�	TFF�4FDUJPO
���
� �3FHBSEMFTT �PG �UIF �SFGFSFODF �ZJFME �DIPTFO
 �4/.* �DSFEJUT
DPVOUSJFT�XJUI�CPUI�IJHI�ZJFME�BOE�IJHI�/6&�XJUI�UIF�EFTJSFE
SBOLJOH �TDPSFT
 �BOE �UIJT �BQQSPBDI �JT �DPOTJTUFOU �XJUI �BO
FWBMVBUJPO�JO�����<��>�

 3    RESULTS
ڀ
 

3.1    Trends in global scale SNMI
5IF�HMPCBM �BWFSBHF�4/.*�WBMVF �EFDMJOFE�GSPN������JO ������UP
���� �JO �����
 �JNQMZJOH �UIBU �/ �NBOBHFNFOU �IBT �CFFO �NPWJOH
UPXBSE �TVTUBJOBCJMJUZ �UBSHFUT �JO �UFSNT �PG �JODSFBTJOH �DSPQ �ZJFME
BOE�PS �/6&�	'JH���	B

� �)PXFWFS
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Fig. 2    (a)  Historical  records  of  global  N  use  efficiency  (NUE),  yield  (kg·ha−1 N),  and  sustainable  nitrogen  management  index  (SNMI);
(b) distribution shifts of country-level SNMI for countries around the world from 1961 to 2018 using ten-year average. Each colored curve is
the normal  density curve of  country-level  SNMI values for  a  year.  Recall  that  SNMI values approaching zero indicate progress on improved
sustainable use of N.
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4.1    Limitations of a composite indicator
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Fig. 3    An  overview  of  the  sustainable  nitrogen  management
index (SNMI) for countries around the world in the context of N
production  level  (a),  and  normalized  N  use  efficiency  (NUE*)
and  N  yield  (NYield*)  values  (b)  for  the  period  2014–2018.
More  specifically,  (a)  shows  the  relative  importance  of  each
country  in  the  global  crop  production  and  its  level  of
sustainability  in  N  management.  The  width  on  the x-axis
represents the cumulative harvested nitrogen (Tg·yr−1 N) for all
countries  arranged  in  a  descending  order,  and  the  height  on
the y-axis  is  determined  by  the  five-year  average  of  SNMI  for
each  country,  showing  its  level  of  sustainability  in  N
management. The light gray shades area covers countries with
top  five  harvested  nitrogen  amount.  In  (b),  the x-axis
represents the normalized yield for each country and the y-axis
represents  the  normalized  NUE.  The  non-normalized  data  are
presented in Fig. S5.
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4.2    Choice of the reference NUE
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4.3    Choice of reference yield
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Fig. 4    Comparison  of  country-level  sustainable  nitrogen  management  index  (SNMI)  scores  for  the  most  recent  decade  using  different
reference N use efficiency (NUE) values for normalizing NUE. (a) R = 0.99, P < 0.001; (b) R > 0.99, P < 0.001. The dotted line is the 1:1 line.
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Fig. 5    Comparison  of  country-level  sustainable  nitrogen  management  index  (SNMI)  scores  for  the  most  recent  decade  using  different
reference values for normalizing yield. SNMI scores calculated with a universal reference yield (90 kg·ha−1·yr−1 N) are shown on the x-axis, and
SNMI scores calculated with country-specific  yield targets  are shown on the y-axis  (R =  0.77, P <  0.001).  The classification of  countries  into
regions was based on Wendling et al.[31].
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Fig. 6    Comparison  of  normalized  yield  (top),  normalized  NUE  (middle),  and  SNMI  (bottom)  using  different  reference  values  for  yield.
(a) Using 90 kg·ha−1·yr−1 N as the reference yield. (b) Using gridded attainable yields as the reference yield. Calculations are performed using
gridded data on crop N yield and NUE from the IMAGE model for 2010[32,33] (spatial resolution is 0.5×0.5 degrees).
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