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Seguridad	Alimentaria	=	
Mejorar 1- Rendimiento;	2- Biofortificacion

LETTER
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Closing yield gaps through nutrient and water
management
Nathaniel D. Mueller1, James S. Gerber1, Matt Johnston1, Deepak K. Ray1, Navin Ramankutty2 & Jonathan A. Foley1

In the coming decades, a crucial challenge for humanity will be meet-
ing future food demands without undermining further the integrity
of the Earth’s environmental systems1–6. Agricultural systems are
already major forces of global environmental degradation4,7, but
population growth and increasing consumption of calorie- and
meat-intensive diets are expected to roughly double human food
demand by 2050 (ref. 3). Responding to these pressures, there is
increasing focus on ‘sustainable intensification’ as a means to
increase yields on underperforming landscapes while simultaneously
decreasing the environmental impacts of agricultural systems2–4,8–11.
However, it is unclear what such efforts might entail for the future of
global agricultural landscapes. Here we present a global-scale assess-
ment of intensification prospects from closing ‘yield gaps’ (differ-
ences between observed yields and those attainable in a given region),
the spatial patterns of agricultural management practices and yield
limitation, and the management changes that may be necessary to
achieve increased yields. We find that global yield variability is
heavily controlled by fertilizer use, irrigation and climate. Large pro-
duction increases (45% to 70% for most crops) are possible from
closing yield gaps to 100% of attainable yields, and the changes to
management practices that are needed to close yield gaps vary con-
siderably by region and current intensity. Furthermore, we find that
there are large opportunities to reduce the environmental impact of
agriculture by eliminating nutrient overuse, while still allowing an
approximately 30% increase in production of major cereals (maize,
wheat and rice). Meeting the food security and sustainability chal-
lenges of the coming decades is possible, but will require considerable
changes in nutrient and water management.

Opportunities for agricultural intensification were analysed for
seventeen major crops (which covered approximately 76% of global
harvested cropland area between 1997 and 2003 (Food and
Agriculture Organization of the United Nations)). Yield gaps (Fig. 1)
were estimated by comparing landscape-level observed yields12 to
‘attainable yields’, determined by identifying high-yielding areas
within zones of similar climate. As empirical estimates, attainable
yields are more conservative than absolute biophysical ‘potential
yields’13, but they are probably achievable using current technology
and management techniques.

Considerable yield-improvement opportunities exist relative to
current attainable yield ceilings, with opportunities differing dramatically
by crop and geography (regional and country-specific data for all
seventeen crops are summarized in the Supplementary Information).
Globally, we find that closing yield gaps to 100% of attainable yields
could increase worldwide crop production by 45% to 70% for most major
crops (with 64%, 71% and 47% increases for maize, wheat and rice,
respectively). Eastern Europe and Sub-Saharan Africa show considerable
‘low-hanging’ intensification opportunities for major cereals (Fig. 2);
these areas could have large production gains if yields were increased
to only 50% of attainable yields. East and South Asia also have substantial
intensification opportunities owing to their vast agricultural lands and
the geographic variability in their yields and yield gaps.

Assessing opportunities for more sustainable intensification
requires an understanding of the factors driving yield variation across
the world. Fundamentally, yield gaps are caused by deficiencies in the
biophysical crop growth environment that are not addressed by agri-
cultural management practices. Here we explicitly examined key bio-
physical drivers of crop yield by using global, crop-specific irrigation
data14 and by developing a new global, crop-specific data set of nitro-
gen (N), phosphate (P2O5) and potash (K2O) fertilizer application
rates. We find extensive geographic variation in these management
practices, with high fertilizer application rates concentrated in
high-income and some rapidly developing countries (Fig. 3a and
Supplementary Fig. 1). Likewise, irrigated areas14 are heavily concen-
trated in South Asia, East Asia and parts of the United States (Fig. 3b).

Using input–yield crop models, we found that the spatial patterns of
climate, fertilizer application and irrigated area explain 60% to 80% of
global-yield variability for most major crops (Supplementary Informa-
tion and Supplementary Table 1). Yields of some crops (for example,
sorghum, millet and groundnut) were primarily controlled by climate,
whereas others (for example, barley, sugar beet and oil palm) showed
strong management responses. Surprisingly, model residuals showed
little sensitivity to soil and slope parameters (Supplementary Informa-
tion and Supplementary Fig. 2), suggesting that such relationships are
obscured on the landscape scale with existing data sets.

The factors that primarily limit increasing crop yields to within 75%
of their attainable yields (Fig. 4, Supplementary Fig. 3) vary by crop
and region. For example, Eastern Europe and West Africa stand out as
hotspots of nutrient limitation for maize, whereas Eastern Europe
seems to experience nutrient limitation for wheat. Co-limitation of
nutrients and water is observed across East Africa and Western
India for maize, portions of the US Great Plains and the
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Figure 1 | Average yield gaps for maize, wheat and rice. These were
measured as a percentage of the attainable yield achieved circa the year 2000.
Yield gap in each grid cell is calculated as an area-weighted average across the
crops and is displayed on the top 98% of growing area.

2 5 4 | N A T U R E | V O L 4 9 0 | 1 1 O C T O B E R 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2013

A	escala	global:	Brechas	de	rendimiento	para	maiz	y	soja

Mueller	et	al.	(2012,	Nature)

“Puntos	Calientes”
Brechas	de	Rinde>70%

“Altos	Rindes”
Brechas	de	Rinde<30%
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Seguridad	Alimentaria	=	
Importancia de	la	Nutricion	Balanceada
A	escala	global:	Brecha	de	Rendimientos	en	Maiz

Mueller	et	al.	(2012,	Nature)

land-management policies, limits on sustainable water resources and
socio-economic constraints (for example, access to capital, infrastruc-
ture, institutions and political stability). However, use of precision
agriculture techniques, conservation tillage, high-yielding hybrids,
increased plant populations and multifunctional landscape manage-
ment can help to mitigate negative environmental impacts of intensive
agriculture19–21. Additionally, use of organic fertilizers (omitted in this
analysis owing to data limitations) are essential for improving soil
carbon, enhancing soil biota and increasing water-holding capacity22.
Social triggers of intensification will differ across regions; for example,
because of development interventions by governments or NGOs,
market-driven incentives for farmer investment, and land scarcity in
regions not fully connected to global markets23.

Changes to agricultural management to close yield gaps should be
considered in the context of climate change, which is expected to
substantially impact yields24,25 and induce management adaptations26.
Specifically, a major concern is how changes in water availability may
conflict with projected irrigation requirements for closing yield gaps.

The fertilizer data set, yield gap estimates and yield models pre-
sented here could be used widely to assess intensification opportunities
and the environmental impacts of changing agricultural systems.
However, these data and analyses are not without limitations (full
discussion in Supplementary Information). Most importantly, the
analyses rely on agricultural management, yield and climate data from
a variety of different sources and on different scales. Overall, these
results are most useful across regional and global scales, leaving fine-
scale and temporal details obscured (for example, intra- and inter-
annual variation in climate and yield creates particular uncertainty
about irrigation requirements). Moreover, although our models
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Figure 4 | Management factors limiting yield-gap closure to 75% of
attainable yields for maize, wheat and rice. a, b, c Yield-limiting management
factors for maize (a), wheat (b) and rice (c) were calculated using the suite of
input–yield models, comparing current input intensity against estimated
required levels to close yield gaps.
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Figure 5 | Closing yield gaps through changes in agricultural management.
a, b, Projected increases in nitrogen application rates (a) and irrigated areas
(b) necessary to close maize, wheat and rice yield gaps to 75% of attainable
yields. c, Projected net changes in nitrogen application rates when closing yield
gaps and eliminating input imbalances and inefficiencies.
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Aprox.	¾	de	los	
PUNTOS	CALIENTES

Aumento	en	la	aplicacion	
balanceada	de	nutrientes

(18%N,	16%	P2O5,35%	K2O)Cerrando	Brechas	
de	Rindes
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Limitada	por	nutrientes
Limitada	por	nutrientes	y	agua
75%	de	rinde	potencial	alcanzado
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Cambios	Historicos	en	Maiz	relacionados	a	Nutricion
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Ciampitti	y	Vyn,	2012,	2014

N	=	161
Estudios
1880-2012

n	=	+2,500
observaciones

Resumiendo…
Cambios	en	rendimiento	estuvieron	asociados	a	

cambios	en	+++	Biomasa

Estos	cambios	produjeron	mayores	niveles	de	
++absorcion	de	N,	con	aumentos	leves	en	eficiencia
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Cambios	Historicos	en	Soja	relacionados	a	Nutricion
VARIEDAD:	Cambios	en	Rendimiento	(1980’s-2010’s)



Rendimiento:	componentes	numéricos

El	número	de	granos	
sigue	la	misma	
tendencia	que	el	
rendimiento.	

El	peso	de	grano	es	más	
variable	con	los	años	de	
liberación	y	no	sigue	la	
misma	tendencia	que	el	

rendimiento
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Cambios	Historicos	en	Soja	relacionados	a	Nutricion

Tamagno	y	Ciampitti,	2017
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Balboa,	Sadras,	y	Ciampitti,	2017

N	=	80
Estudios
1921-2016

n	=	+1,000
observaciones

Resumiendo…
Cambios	en	rendimiento	estuvieron	asociados	a	
cambios	en	+++	Biomasa	&	+	Indice	de	Cosecha

Estos	cambios	produjeron	mayores	niveles	de	
++absorcion	de	N,	+	IC	para	N,	&	+mayor	eficiencia
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(-)					 (+)
SOJA	(S)/MAIZ	(M)

PC=	practicas	comunes,	FI	or	NB	=	nutricion	balanceada,	PI=	producción	
intensificada,	EI=	intensificación	ecológica	(FI+PI),	AV=	avanzada.	
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Effecto	de	la	Rotacion	(4	cultivos	en	cada	fase)	è largo	plazo

Mayores	
rindes	en	NB	
en	ambos	
sistemas

- Rindes	en	PC	
e	IP	sin	

nutrientes

=	Rindes	en	IE	
y	AD	– con	

mayor	inputs
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La	mayor	“BRECHA”	de	rendimiento,	1	a	2.5	Mg/ha,	fue	
observada	para	ambos	- “Practica	Comun”	(PC)	y	
“Intensificacion	de	Produccion”	(IP)	relativo	al	IE.	
=	Rendimientos	entre	Nutricion	Balanceada	e	IE.
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Balboa,	Ciampitti	et	al.

Mayor	Variacion	
de	N	en	Maiz	por	
unidad	de	rinde,	
pero	menor	por	
biomasa	total

Cultivos Absorción 
Total (kg/Mg)

Extracción 
(kg/Mg)

Soja 66 49
Maíz 22 15

Ciampitti y García (2007 y 2008)
Disponible en www.lacs.ipni.net
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40%

- Incremento	en	la	absorcion	de	N	post-floracion

- Removilizacion	de	N	mas	tardia	y	con	un	menor	
“trade-off”	entre	Removilizacion	y	Absorcion

- Menores	aumentos	en	particion	a	grano,	con	
disminucion	de	%N	en	altos	rendimientos
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Effecto	de	la	Rotacion	(4	cultivos	en	cada	fase)	è largo	plazo

Mayores	rindes	
en	IE	y	AD	en	

ambos	sistemas

- Respuesta	a	la	
aplicación	de	
nutrientes

=	Rindes	en	IE	y	
AD,	pero	con	
diferentes	

niveles	de	inputs	
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La	mayor	“BRECHA”	de	rendimiento,	1.5	a	+2.0	Mg/ha,	fue	
observada	entre	la	“Practica	Comun”	(PC)	y	el	tratamiento	
de	“Intensificacion	Ecologica”	(IE).	+	Brecha	con	+Rinde.

BRECHA	de	RINDE
Calculada	relativa	
al	tratamiento	de	

mayor	
Intensificacion
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Balboa,	Ciampitti	et	al.
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Espaciamiento	entre	Hileras
Las	raices	de	soja	se	expanden

– Conservación	de	humedad
• Tener	humedad	para	el	periodo	de	formacion	y	llenado	de	granos
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Balboa,	Ciampitti	et	al.

Mayor	acumulacion	de	biomasa	y	en	mas	
proporcion	durante	las	etapas	mas	tardias	para	

sistemas	intensificados.
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Balboa,	Ciampitti	et	al.

FASE	IRRIGADO

Mayor	acumulacion	de	N	y	en	mas	proporcion	
durante	las	etapas	tardias	para	sistemas	

intensificados.

!

0 250 500 750 1000 1250 1500
0

100

200

300

400

500

A
bs

or
ci

ón
 d

e 
N

 e
n 

pl
an

ta
, k

g/
ha

GDD (ºC d) 

Tallo

Hoja

Grano
Floración
27%

0 250 500 750 1000 1250 1500
0

100

200

300

400

500

600

A
bs

or
ci

ón
 d

e 
N

 e
n 

pl
an

ta
, k

g/
ha

GDD (ºC d) 
0 250 500 750 1000 1250 1500

0

100

200

300

400

500

600

Tallo

Hoja

Grano
Floración
23%

a"#PC# b"#IE#



© IA Ciampitti, K-State Univ

Balboa,	Ciampitti	et	al.

Muy	poca	
variacion	en	el	
requerimiento	
nutricional	de	
N	en	soja-

0 1 2 3 4 5 6 7 8
0

10

20

30

40

50

60

Rendimiento (Mg ha-1)

R
eq

ue
rim

ie
nt

o 
de

 N
 (k

g 
M

g-1
)

45 kg Mg-1

60 kg Mg-1

COSTO	de	la	FIJACION	
BIOLOGICA	DE	N

MEJOR	
ESTIMACIONES	A	
CAMPO	SON	
NECESARIAS



© IA Ciampitti, K-State Univ

SOJA =	
RESPUESTA	A	

NUTRICION	plus	
PRACTICAS	de	

MANEJO

MAIZ =	
RESPUESTA	A	
NUTRICION
(N	principal)

Balboa,	Ciampitti	et	al.
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- N	puede	ser	absorbido	del	suelo

- Derivado	de	la	fijacion	N2

Determinado	por	el	metodo	
de	Ureidos

Nodules
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Transporte	
de	N	en	soja
Ureidos	
(fijacion)

Coleccion	de	
Tallos	al	inicio	
de	llenados	
de	semillas	
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Tamagno,	Ciampitti



Las muestras de tejidos de tallo tomadas en todas las localidades se sometieron al analisis
de Ureídos como estimacion de la FBN a traves de la abundacia relativa de ureídos (%ARU).

[Ureídos]
[Ureídos]	+	[Nitratos] X	100		=		%	Abundancia	Relativa	de	Ureidos	(ARU)

En	terminos	generales,	
la	aplicación	de	N	
“temporariamente”	
inhibio	la	FIJACION	DE	N	
– pero	la	planta	se	
recupero	a	niveles	
inferiores	al	MAXIMO.
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Rossville,	US	2016 Oliveros,	ARG	2016

N495 incremento	rendimiento	en	19% en	Rossville-Kansas	y	
5% en	Oliveros-ARG	comparado	a	cuando	N0 fue	aplicado

19%	
Incremento

5%	
Incremento

~800	kg/ha ~200	kg/ha

Recapitulando:	 la	búsqueda	de	este	
proyecto	‘NO’	es	Recomendar	
Fertilizaciones	de	N,	sino	que	

entender	si	N	es	un	factor	limitante	en	
la	producción	de	Soja

© IA Ciampitti, K-State Univ
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29

Evolución	del	Peso	Seco	de	Semilla	
durante	el	llenado,	comenzando	
en	R5	y	hasta	Madurez	Fisiológica.

Fuente:	Estudiantes	 PhD	S.	Tamagno	y	MSc O.	Ortez

N495 aumento	cinco	días	(en	
general)	la	duración	de	llenado	de	
semilla	en	todos	los	Genotipos

© IA Ciampitti, K-State Univ
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Mejoramiento	Genético	ha	
conducido	a	incremento	en	
valores	de	Removilización	a	

través	de	las	décadas

Removilización	=	N	Vegetativo	en	R5/	N	en	Semilla	en	R8
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Qué	es	la	Eficiencia	de	Uso	del	Nitrógeno,	EUN?

•Dosis	óptima	para	rendimiento.

•Recuperación	de	fertilizante	N.

•N	removido	con	el	grano.

•Concentración	de	N	en	planta.

•Rinde	por	unidad	de	N	en	planta.



Absorción =
Dosis	de	N

N	Planta+N - N	Planta-N

Utilización	=
Rinde+N - Rinde-N

N	Planta+N - N	Planta-N

EUN	y	sus	Componentes

EUN	=
Rinde+N - Rinde-N

Dosis	de	N



Remoción de micronutrientes en la porción 
cosechada

Cultivo, 
rendimiento B Cu Fe Mn Mo Zn

---------------------------------------- g/ha  ----------------------------------------

Alfalfa, 12 t/ha 600 120 1200 600 24 830

Arroz, 3 t/ha 6 10 141 52 0.3 30

Maíz, 9 t/ha 40 20 100 50 5 170
Soja, 2.4 t/ha 58 34 275 102 11 102

Trigo, 3 t/ha 400 30 - 90 - 40

Fuente: Malavolta et al. (1997) e IFSM-PPI (1995)
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Duration Final seed 
weight 

Seed weight 
loss Seed yield 

days mg seed-1  % bu ac-1 

35 131 - 64 
33 123 6 61 
30 112 15 55 
28 104 20 51 
25 93 29 46 

        

!"

+"

Stressfull"condi1on"

5	days	difference	=	~10	bu	ac-1

Seed	dry	weight	
evolution	during	the	
grain	filling	versus	
days	after	R5	stage

Data	source:	(Tamagno	and	Ortez,	2016)


