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Abstract

Since the launch of the Green Revolution (GR) in Indian agriculture in the 1960s, Indian food production has successfully
become self-sufficient but this has also led to increasing soil nitrogen (N) surpluses and various negative environmental
impacts, such as NH; emissions. Using the IMAGE Global Nutrient Model, this study explores the development of food
production, soil N surpluses and associated NH; emissions in India during the GR; the use of subnational data for compil-
ing spatially explicit maps of N inputs (N fertilizers, manure N, biological N fixation, atmospheric deposition) and outputs
(crop harvest, grazing) was compared with results using country-scale data. The results show that in the period 1960-2010
food production growth was dramatic (374%), particularly in the region of the GR states (Punjab, Haryana and western
Uttar Pradesh). This production increase was primarily based on spectacular increases in crop yields and N inputs. However,
due to slowly changing nutrient use efficiency, N surpluses and associated NH; emissions increased rapidly, with hotspots
especially in the GR states. Maps using data at subnational scale yield a better representation of spatial heterogeneities of
the soil N surpluses, emissions and environmental impacts than maps based on country data. This is beneficial for effect
calculations, as the location of negative environmental side effects strongly depends on the location of soil N and P surpluses.

Keywords Soil nitrogen budget - Ammonia - Indian agriculture

Introduction

To feed India’s growing population, the Green Revolution
was launched in the 1960s. The aim of this major agricul-
tural program was to improve agricultural productivity
through the introduction of new, high-yielding varieties of
wheat and rice. In 1970 Norman Borlaug, the father of the
Green Revolution, was awarded the Nobel Peace Prize for
his work to feed a hungry world (Stone 2019; Vergauwen
and De Smet 2017). In 1974, India was declared self-suffi-
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sown-area represents the total area sown with crops and
orchards; area sown more than once in the same year is
counted only once.

In India, the focus of the introduction of the Green Revo-
lution technologies has been on the northwestern region of
Punjab, Haryana and western Uttar Pradesh, which form an
agriculturally productive and largely irrigated region of the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10113-023-02137-9&domain=pdf
http://orcid.org/0009-0007-2423-7300

155 Page2of8

Regional Environmental Change (2023) 23:155

Indo-Gangetic Plain. The new high-yielding varieties intro-
duced in these states required increased use of fertilizer and
the application of new, intensive irrigation techniques (Abrol
et al. 2017; Baranski 2015). Unfortunately, the benefits of
India’s Green Revolution have been accompanied by various
negative consequences such as serious environmental impacts
in terms of pesticide and nutrient use, stagnant yields and
declining soil quality (Abrol et al. 2017; Agoramoorthy 2008;
Baranski 2015; Pingali 2012; Sumberg et al. 2012).

On a global scale, agriculture plays a dominant role in
the acceleration of global nitrogen (N) and phosphorus (P)
cycles, has led to increasing emissions to air (e.g. ammonia,
nitrous oxide and nitric oxide), soil and water (e.g. nitrate,
particulate nitrogen compounds) and resulted in several
negative environmental side effects, such as eutrophication
of terrestrial and aquatic ecosystems worldwide (Steffen
et al. 2015). These impacts are not evenly distributed over
the world and within countries. For example, using infrared
spectra obtained by the IASI/MetOp satellite, Clarisse et al.
(2009) identified 28 hotspots for ammonia (NH;) emissions
around the world with particularly high amounts of NH; over
the intensively cultivated regions of Northern India.

Modelling tools help to better understand and analyze
the spatial distributions of environmental consequences of
human activities. The Integrated Assessment Model IMAGE
(Stehfest et al. 2014) is used to study the impact of multi-
ple environmental changes over time, capturing the mutual
feedbacks between humanity and the Earth system. To assess
eutrophication as a consequence of increasing population,
and economic and technological development, IMAGE
includes the Global Nutrient Model IMAGE-GNM), which
computes spatially explicit agricultural soil N and P budgets
and related NH; emissions. Soil nutrient budgets in agricul-
ture are generally regarded as useful indicators of the losses
of these nutrients to the environment (Bouwman et al. 2009;
Chang et al. 2021; Gu et al. 2023; Smaling and Fresco 1993;
Zhang et al. 2021).

In IMAGE, the spatial heterogeneity within a country is
not taken into account (e.g. in livestock production systems,
crop production systems and fertilizer use), any behaviour
is average behaviour at country level and major differences
between regions within a country are masked. To demon-
strate local variabilities that are not captured at the scale of
national soil nutrient budget inventories, data at the subna-
tional level have already been used for the US and China as
input for the soil nutrient budget model for the US and China
(Beusen et al. 2008; Bouwman et al. 2009; Bouwman et al.
2017; Bouwman et al. 2013).

Until now, this effort has not been made for India (e.g. the
Indian Nitrogen Assessment (Abrol et al. 2017)). There are,
however, several reasons why India is an interesting country
for studying spatial heterogeneities in agricultural soil N and
P budgets in more detail. First of all, India plays a major
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role in global agricultural production. India ranks second
worldwide in farm output (Bhattacharyya et al. 2015) and
has emerged as the second largest producer and consumer
of N fertilizers in the world (Abrol et al. 2017). Secondly,
India’s soil N surpluses are in the highest category in the
world (Bouwman et al. 2013). Negative environmental side
effects are already becoming visible, impacting NH; emis-
sions, groundwater quality, surface waters and large parts of
coastal areas along the Indian coastline, and are expected to
intensify (Abrol et al. 2017).

This study explores the development of food production,
soil N surpluses and related NH; emissions in relation to
India’s Green Revolution by using subnational data from the
Indiastat (2018) database. Subsequently, spatially explicit
soil N and P budgets and related NH; emissions are calcu-
lated with the soil nutrient budget model for the year 2007 to
(a) analyze spatial patterns in soil N budgets and NH; emis-
sions and identify hotspots, and (b) to compare the outcomes
based on subnational versus national level data.

Materials and methods

The soil N budget (N,,4,,,) (Beusen et al. 2008; Bouwman
et al. 2013) applied in the soil nutrient budget model, which
is part of IMAGE-GNM is calculated as the sum of N inputs
minus the sum of N outputs and can be expressed as follows:

Nbudget = Nﬁx + Ndep + Nferl + Nman - Nwithdr (1)

N inputs include biological N fixation (N,), atmospheric
N deposition (V,,,) and application of synthetic N fertilizer
(Ny,,,) and animal manure (N,,,,,). In this equation, the N
input of animal manure (N,,,,) excludes manure that is not
recycled in the agricultural system and NH; emission from
animal houses and storage systems. Outputs in the soil N
budget include N withdrawal from the field through crop
harvesting, hay and grass cutting, and grass consumed by
grazing animals (N,;;,..)- The same approach is used for P,
with P inputs being animal manure and fertilizer.

The N and P use efficiency calculated in this study is
adopted from Bouwman et al. (2017). The N use efficiency
(NUE) is defined as the ratio of output of N (in kg N per
year) in harvested crop parts: input of N (in kg N per year).
N inputs include fertilizer, manure, atmospheric deposition
and biological N fixation. The same approach is used for
the P use efficiency (PUE), with P inputs including fertilizer
and manure.

The soil nutrient budget model ignores nutrient accumula-
tion in soil organic matter buildup in case of a positive budget
(surplus) and soil organic matter loss in years with a nega-
tive soil N budget. A nutrient surplus therefore represents a
potential loss to the environment (for N, this includes NH;
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volatilization, denitrification, surface runoff and leaching; for
P, this is runoff). Negative budgets indicate soil N or P deple-
tion, and losses are confined to losses of organic materials,
manure and fertilizers from the surface as runoff. The differ-
ence between N and P management, budgets and emissions in
rainfed and irrigated crops is not accounted for in the model
calculations. In the soil nutrient budget model, all N and P
inputs, outputs and budgets are expressed in kg N and kg
P,0s, respectively for all grid cells with agricultural land.

The scope of this study covers crop and livestock pro-
duction systems of the agricultural system of India. In crop
production systems, the broad crop groups “upland crops”,
“legumes”, “wetland rice” and “grassland” are distinguished,
allowing for the spatial distribution of N and P inputs, outputs
and budgets (as defined by Eq. (1)) on a 30 by 30-min resolu-
tion (Beusen et al. 2015; Beusen et al. 2016; Bouwman et al.
2017). This grid size corresponds to approximately 55 X 55
km at the equator. Additionally, ten animal categories (beef
cattle, dairy cattle, buffalo, pigs, poultry, sheep and goats,
along with the category of small ruminants, asses, mules,
horses and camels) and two livestock production systems
(“pastoral systems” and “mixed and landless/industrial sys-
tems”) are distinguished by Beusen et al. (2008). Together,
these form the basis for distributing the animal manure over
the crop production systems. In the crop production systems,
all major cropping seasons are included (e.g. Kharif, Rabi,
Zaid). For each crop, the harvested area is taken as well as
the inputs and withdrawal. In the case of multiple cropping,
this leads to a ratio of the sum of harvested areas:arable area
> 1. The multiple cropping index for the regions are 1.3 for
NC and SW, 1.5 for NE and 1.6 for GRS according to the
Indiastat (2018) database.

In addition to the soil N and P budget, the soil nutri-
ent budget model calculates NH; volatilization from animal
manure in animal housing and storage systems, from animal
manure excreted by grazing animals and from spreading of
animal manure and N fertilizers. Ammonia volatilization
from animal housing and storage systems is 20% of the N in
the manure in animal housing and storage systems (Beusen
et al. 2008; Bouwman et al. 2013). Ammonia volatilization
for grazing systems is based on emission factors for ten
animal categories (Beusen et al. 2008). The calculation of
NH; volatilization from spreading of animal manure and N
fertilizers is based on a regression model that relates NH;
losses to various factors related to agricultural management
(crop type, fertilizer type and manure or fertilizer application
technique) and factors related to environmental conditions
such as soil properties and climate conditions (Beusen et al.
2008; Bouwman et al. 2002).

Part of the model input data is supplied by IMAGE
(Stehfest et al. 2014), such as land cover, environmental
data and soil properties. In case of calculations based on
national data, statistical data on crop production, livestock

and fertilizer use are country-specific and typically retrieved
from the FAOSTAT (2019) database, generated by the
Statistics Division of the Food and Agricultural Organization
of the United Nations. In this study, soil N and P budgets
for India are also calculated at the subnational level
retrieved from the Indiastat (2018) database. Data handling,
approaches to deal with missing data and preparing input
datasets for IMAGE-GNM are described in the Supporting
Information (SI). Due to missing data in the Indiastat (2018)
database, it was not possible to collect a complete and
meaningful dataset suitable for analyzing temporal patterns
in soil nutrient budgets. The available data did allow for the
analysis of spatial patterns of the soil nutrient budgets and
related NH; emissions for the year 2007 and the analysis of
spatial and temporal patterns in food production.

For the purpose of this study, four regions of India have
been defined by combining the definitions of the 6 Zonal
Councils of India and the original Green Revolution States
(Haryana, Punjab and western Uttar Pradesh) (Abrol et al.
2017). Fig. S1 shows the location of these four regions of
India. The original Green Revolution States are part of the
Indo-Gangetic Plain (Abrol et al. 2017). Additional informa-
tion on the four regions of India can be found in Table S1
and Table S2.

Results
Temporal and spatial patterns in food production

The results from the collection of N and P input and output
data (livestock, fertilizer use and crop production) from the
Indiastat (2018) database are presented as historical trends
for all available years. Figure 1 shows the crop N uptake by
five major crop groups wheat, rice, soybean, groundnut and
cotton (1960-2010), for each of the four regions of India.

For the period 1960-2010, the crop N uptake for the five
major crop groups increased 3.7 times from 0.86 to 4.1 Tg
N for India (Fig. 1). Although all regions of India show
increased crop N uptake, there are major differences between
regions. The South West region represents the lowest growth
region, with crop N uptake for the five major crop groups
increasing 2.1-fold from 0.39 to 1.2 Tg N. The Green Revo-
lution States witnessed the largest growth. In this region,
crop N uptake for the five major crop groups increased 6.8
times from 0.17 to 1.3 Tg N.

In 2010, the South West region has the second highest
crop N uptake for the five major crop groups (30% of India’s
total crop N uptake for the five major crop groups). The five
major crop groups are all grown in the southwest region
(Fig. S2) with a crop N uptake for wheat, rice, soybean,
groundnut and cotton of respectively 0.11, 0.35, 0.25, 0.37
and 0.11 Tg N in 2010.

@ Springer



155 Page4of8

Regional Environmental Change (2023) 23:155

1.5

1.0
; - /\/
z \/‘/\A \/
8
0.5
PR
S
0.0
1960 1970 1980 1990 2000 2010

—South West
—North Central

—Green Revolution States
North East

Fig. 1 Historical yearly crop N uptake by the five major crop groups
wheat, rice, soybean, groundnut and cotton for the period 1960-2010
for the four regions of India (North Central, NC, North East, NE,
South West, SW and Green Revolution States, GRS; see Fig. S1),
based on data from the Indiastat (2018) database

The Green Revolution States account for the highest crop
N uptake for the five major crop groups (32% of India’s
total) and second highest N and P fertilizer use of India,
respectively 32% and 23% of India’s total N and P fertilizer
use in 2010 (Fig. S3). Wheat and rice are the main crop-
ping systems in the Green Revolution States, with a crop N
uptake of 0.97 (67% of India’s total crop uptake by wheat,
Fig. S2a) and 0.30 Tg N (22% of India’s total crop uptake by
rice, Fig. S2b) respectively in 2010.

Rice production is highest in the North East region with
a crop N uptake of 0.61 Tg N (44% of India’s total crop
uptake by rice, Fig. S2b) in 2010. The North Central region
has the highest soybean production with a crop N uptake
of 0.42 Tg N (62% of India’s total crop uptake by soybean,
Fig. S2¢) in 2010.

Spatial patterns in soil nitrogen budgets

The results from the soil nutrient budget model calculations
are presented as spatial patterns on the map of India for the
year 2007. The soil N budgets for total agriculture show
a surplus for the year 2007 in the entire India (Fig. 2). In
contrast to the national level (Fig. S4b), hotspot areas with
a high N surplus can be distinguished at the subnational
level (Fig. 2 and Fig. S4a), especially in the original Green
Revolution States (Fig. S1).

Figure 3 shows spatial patterns in the different inputs and
outputs of the soil N budget for the four regions of India,
expressed in kilogrammes of N (kg N) per hectare of agricul-
tural land for the year 2007. The stacked blue columns repre-
sent the contributions of the different N inputs (application of
fertilizer, spreading of animal manure, atmospheric nitrogen
deposition and biological nitrogen fixation). The green col-
umns represent the removal of nitrogen by crop N uptake.
The Green Revolution states stand out with the highest
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Fig.2 Spatially explicit soil N budgets for the year 2007, expressed
in kg N per hectare of agricultural area, based on data on subnational
level as input for the soil nutrient budget model. Neighbouring coun-
tries are presented in grey, water in blue, non-agricultural land in
white, grid size is 30 X 30 min

nitrogen inputs and crop N uptake per hectare of agricul-
tural land. Moreover, Fig. 3 clearly shows that in the Green
Revolution States, fertilizer application is the largest source
of nitrogen in agriculture (155 kg N ha™! yr™!). Despite the
highest crop uptake in India per hectare of agricultural land
(67 kg N ha~! yr™1), the Green Revolution States have the
highest soil nitrogen surplus (144 kg N ha™! yr!) compared
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Fig.3 Inputs (fixation, deposition, manure and fertilizer) and out-
puts (crop uptake) of the soil N budget and soil N surplus for the
year 2007 for the four regions of India (North Central, NC, North
East, NE, South West, SW and Green Revolution States, GRS; see
Fig. S1), expressed in kg N per hectare of agricultural area, based on
data at the subnational level
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to the other regions of India (respectively 67, 80 and 82 kg
N ha~! yr~! for the regions North Central, South West and
North East).

Figure 4 shows the nitrogen use efficiency (NUE) and
phosphorus use efficiency (PUE) for four regions of India and
total India for the year 2007. The Green Revolution States
represent the region with the lowest NUE (0.32), while the
PUE is relatively high (0.49). The PUE is lowest in the South
West region (0.35). The North East region has a relatively
high NUE (0.40) and PUE (0.54). The relatively small dif-
ferences in nutrient use efficiencies between the regions are
related to both the crop mix and management. For example,
efficiencies in rice cultivation are inherently lower than for
other cereals due to the inundated conditions that are prone to
leaching and ammonia volatilization (Bouwman et al. 2002).

Spatial patterns in ammonia emissions

Figure 5 shows the volatilization of NH; from animal
manure excreted by grazing animals, animal housing and
storage systems, spreading of animal manure and applica-
tion of N fertilizers calculated by the soil nutrient budget
model for the year 2007 for the four regions of India. Fig-
ure 6 shows spatial patterns in NH; emissions from N ferti-
lizer application on the map of India. The Green Revolution
States account for 32% (1.5 Tg N) of India’s total NH; vola-
tilization (Table S10). In the Green Revolution States, the
NH; volatilization per hectare of agricultural area (47 kg N
ha~! yr~!) is more than two times higher than the NH, vola-
tilization from the other states (see Fig. 5). The hotspot area
of high NHj; volatilization in the Green Revolution States
is mainly caused by the high application of N fertilizer (see
Figs. 5 and 6). At national level (Fig. S5c¢), NH; volatiliza-
tion is more homogeneously distributed across India than at
the subnational level (Fig. 6 and Fig S5b).

0.6
0.4
m NUE
W PUE
0.2
0.0

NC NE SW GRS India

Fig.4 Nitrogen use efficiency (NUE) and phosphorus use efficiency
(PUE) for 2007 for the four regions of India (North Central, NC,
North East, NE, South West, SW and Green Revolution States, GRS;
see Fig. S1), and total India, based on subnational level data as input
for the soil nutrient budget model
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Fig.5 NH; volatilization from grazing, storage and housing, spread-
ing of animal manure and application of N fertilizers for four regions
of India (North Central, NC, North East, NE, South West, SW and
Green Revolution States, GRS; see Fig, S1), expressed in kg N per
hectare of agricultural area, based on data on subnational level for
2007 as input for the soil nutrient budget model
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Discussion

We found that the soil nutrient budget model demonstrates
a good balance between detail and simplification and has
proven to be successful in identifying hotspot locations
of high soil N surpluses and related NH; emissions in the
intensively cultivated region of Northern India (Figs. 4
and 6 respectively). Those hotspots are found at similar
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Fig.6 Spatially explicit NH; volatilization from application of N fer-
tilizers, expressed in kg N per hectare of agricultural area, based on
data on subnational level for 2007 as input for the soil nutrient budget
model. Neighbouring countries are presented in grey, water in blue,
non-agricultural land in white, grid size is 30 X 30 min
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place as compared to studies with satellite measurements
of global NH; concentrations (Clarisse et al. 2009).

There are many uncertainties involved in soil nutrient
budget calculations, as described by, amongst others, Stehfest
et al. (2014) and Bouwman et al. (2017). In this study, a new
uncertainty arises regarding the validity of the distribution of
data on crop and livestock production systems across the states
and union territories of India. For this purpose, gathering a
complete and consistent dataset at subnational level was done
as accurate as possible. Subnational datasets from the Indiastat
(2018) database were compared with FAOSTAT (2019) data
on national totals for all available years, proving close agree-
ment between the datasets (Fig. S6). In addition, the spatial
pattern of N fertilizer application as published by Swaney et al.
(2015) on district level for the year 2000 shows a remarkable
resemblance with the spatial pattern of N fertilizer application
based on subnational data from the Indiastat (2018) database.

A general finding from this study is that, for entire India,
the spatial patterns of the calculated soil N and P budgets
and related NH; emissions differ between the national and
subnational level calculations due to differences in the spa-
tial distribution of the N and P inputs in the soil nutrient
budget model. The most notable outcome of this study is
the hotspot location with high soil N surpluses and related
NH; emissions in the Green Revolution states at the subna-
tional level and the lack thereof at the national level. This
hotspot location is caused primarily by N fertilizer use and
crop production and less by livestock production, and can
be explained by the impact of the Green Revolution in these
states that began in the 1960s. The primary objective of the
Green Revolution in India was to achieve self-sufficiency in
the production of wheat and rice, through the application
of high-yielding hybrid varieties, increased use of mineral
fertilizer and the development of irrigation. Due to the Green
Revolution, rice-wheat emerged as the major cropping sys-
tem in the Green Revolution States with a crop N uptake
of respectively 0.30 Tg N (22% of India’s total crop uptake
by rice, Fig. S2b) and 0.97 Tg N (67% of India’s total crop
uptake by wheat, Fig. S2a) and total N and P fertilizer use
of respectively 5.3 Tg N and 1.9 Tg P,05 (32% and 23%
of India’s total N and P fertilizer use, Figure S3a and b) in
2010. As a result, the Green Revolution States account for
32% of India’s total NH; volatilization due to application
of N fertilizers, spreading of animal manure and grazing in
2007 (Table S10), while representing 17% of India’s agri-
cultural land area (Table S1).

Nitrogen input from irrigation is usually not accounted for
in agricultural N balances in N use efficiency (NUE) studies,
neither at global nor at the European scale. By not including
this N input, environmental and agricultural policies are under-
estimating the real extent of N pollution hotspots in European
irrigated systems (Serra et al. 2023). Abrol et al. (2017) state
that information on N contribution via irrigation in various
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agro-ecosystems of India is very limited, but irrigation water
also contributes a significant amount of N to agricultural soils
in India. In Indian agriculture, 650 km? of irrigation water is
used in 2007 (AQUASTAT 2023). The source of the irriga-
tion water is 60% from groundwater, 27% from canals, 3%
from ponds and 10% from other sources (Indiastat 2018). The
concentration of groundwater is estimated at 3 mg N/L based
on an average on 966 locations of the maximal nitrate concen-
trations for the year 2021 reported in the Indiastat (2018) data-
base. The estimation of nitrate in canal water is 2.5 mg N/L
based on the average of the maximal nitrate concentrations of
48 locations for the year 2021. Let us assume that the ponds
and other sources have the same concentration as groundwater,
this would lead to an average concentration of 2.6 mg N/L
in all irrigation water. Together with the amount of irrigation
water, this would add up to a total of 1.7 Tg N/yr or 7% of the
inputs from fertilizers, animal manure, biological N fixation
and atmospheric deposition. In this study, N input from irriga-
tion is not accounted for in the model calculations. Therefore,
the magnitude of N pollution hotspots in Indian irrigated sys-
tems are likely to be underestimated.

According to Zhang et al. (2015), improvements in NUE
in crop production are critical for addressing the triple chal-
lenges of food security, environmental degradation and cli-
mate change. The NUE for total India in the year 2007 cal-
culated in this study (0.34) is slightly higher than calculated
by Zhang et al. (2015), but similar to the NUE calculated
by Lassaletta et al. (2014). This study provides a unique
insight in the spatial heterogeneity of the NUE across dif-
ferent regions of India, with NUE values for the year 2007
ranging from 0.32 in the Green Revolution States to 0.40 in
the North East region of India.

In a global perspective, India plays a pivotal role in
FAO’s long-term projections due to its size and expected
future increase of food demand, given current low levels of
consumption, high undernourishment and the prospect of
continuation of sustained income growth (Alexandratos and
Bruinsma 2012). Developments in India will have a major
impact on the global magnitudes of food and agriculture
in the future. According to Lassaletta et al. (2016), Indian
agricultural soil N surpluses increased considerably in the
period 1960-2010, while the growth of agricultural soil N
surpluses in developed countries such as North America has
slowed down. In line with the projected growth of Indian
agricultural production, Indian soil N surpluses, which are
already in the highest category worldwide, are expected to
increase even further until 2050 (Bouwman et al. 2013).

Ammonia emissions in the Northern region of India,
obtained by satellite measurements, are in the highest category
worldwide (Clarisse et al. 2009; Van Damme et al. 2014). Con-
sidering the expected growth trends in agricultural produc-
tion and soil N surpluses, NH; emissions and other negative
environmental side effects of Indian agriculture are expected
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to intensify (Abrol et al. 2017). National level NUE (- 35%)
and PUE (— 52%) have been strongly declining in the period
1970-2007 (Bouwman et al. 2017); however, comparison with
other countries shows that considerable improvement can be
achieved in practice (Zhang et al. 2015). It is not clear how
the balance between future changes in production on the one
hand and policies oriented towards increasing efficiencies and
decreasing environmental losses on the other hand will affect
overall surpluses, NH; emissions and other environmental
losses (Prasad et al. 2003).

Conclusions

Our study shows that the Green Revolution in India has
resulted in substantially higher crop N uptake and N ferti-
lizer application rates in the Green Revolution states than in
other regions of India, leading to substantially higher soil
N surpluses and related NH; emissions. The related envi-
ronmental impacts such as eutrophication of terrestrial and
aquatic ecosystems are expected to be more severe in this
region than in the other regions of India.

This study also shows major differences between the
results of the calculations at subnational and national level.
At the subnational level, spatial heterogeneities of the model
inputs, the calculated soil N and P surpluses and related NH;
emissions, more realistically reflect regional differences in
food production systems than the same calculation based on
the national level data. This improves environmental effect
calculations (such as NH; emissions), as the location of
these negative environmental side effects strongly depends
on the location of the soil N and P surpluses. Of this, the
hot spot location of high soil N surpluses and related NH;
emissions in the Green Revolution States of India is a good
example.

The soil nutrient budget model calculations show N and
P surpluses in all agricultural areas of India for the year
2007. Since 2007, N and P fertilizer use and crop N uptake
have been increasing in India. Considering that India needs
to double its food production by 2050, these growth trends
are likely to continue. Negative environmental side effects
are already becoming visible, and are expected to intensify.
Policy interventions aimed at modifying individual terms
of the soil N and budgets, for the purpose of reducing N
surpluses in agriculture, can be effective in mitigating the
related negative environmental impacts. At the same time,
this will contribute to improving resource efficiency, which
according to FAO (2014) is crucial to sustainable agricul-
ture. Using simple indicators like soil N and P budgets based
on local, regional and subnational data will be helpful to
support the development of targeted agricultural and envi-
ronmental policy strategies aimed at reducing nutrient losses
from food production systems.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10113-023-02137-9.

Data Availability Data will be made available upon reasonable
request.Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Abrol YP, Adhya T, Aneja VP, Raghuram N, Pathak H et al (2017) The
Indian Nitrogen Assessment. Elsevier, Cambridge

Agoramoorthy G (2008) Can India meet the increasing food demand
by 2020? Futures 40(5):503-506. https://doi.org/10.1016/j.futur
€s.2007.10.008

Alexandratos N, Bruinsma J (2012) World agriculture towards
2030/2050: the 2012 revision. Retrieved from http://www.fao.
org/3/a-ap106e.pdf. Accessed 6 May 2019

AQUASTAT. FAO’s Global Information System on Water and Agri-
culture. Retrieved September 20, 2023 http://www.fao.org/aquas
tat/statistics/query/results.html

Baranski MR (2015) Wide adaptation of Green Revolution wheat: inter-
national roots and the Indian context of a new plant breeding ideal,
1960-1970. Stud Hist Philos Sci Part C, Stud Hist Philos Biol
Biomed Sci 50:41-50. https://doi.org/10.1016/j.shpsc.2015.01.004

Beusen AHW, Bouwman AF, Heuberger PSC, Van Drecht G, Van
Der Hoek KW (2008) Bottom-up uncertainty estimates of global
ammonia emissions from global agricultural production systems.
Atmos Environ 42(24):6067-6077. https://doi.org/10.1016/j.
atmosenv.2008.03.044

Beusen AHW, Van Beek LPH, Bouwman AF, Mogollén JM, Mid-
delburg JJ (2015) Coupling global models for hydrology and
nutrient loading to simulate nitrogen and phosphorus retention
in surface water — description of IMAGE-GNM and analysis of
performance. Geosci Model Dev 8:4045-4067. https://doi.org/10.
5194/gmd-8-4045-2015

Beusen AHW, Bouwman AF, Van Beek LPH, Mogollén JM, Mid-
delburg JJ (2016) Global riverine N and P transport to ocean
increased during the 20th century despite increased reten-
tion along the aquatic continuum. Biogeosciences 13:2441-
2451. https://doi.org/10.5194/bg-13-2441-2016

Bhattacharyya R, Ghosh BN, Mishra PK, Mandal B, Rao CS et al
(2015) Soil degradation in India: challenges and potential solu-
tions. Sustainability 7(4):3528-3570. https://doi.org/10.3390/
su7043528

Bouwman AF, Goldewijk KK, Van Der Hoek KW, Beusen AHW, Van
Vuuren DP et al (2013) Exploring global changes in nitrogen and
phosphorus cycles in agriculture induced by livestock production
over the 1900-2050 period. Proc Natl Acad Sci 110(52):20882—
20887. https://doi.org/10.1073/pnas.1012878108

Bouwman AF, Beusen AHW, Lassaletta L, van Apeldoorn DF, van
Grinsven HJM et al (2017) Lessons from temporal and spatial
patterns in global use of N and P fertilizer on cropland. Sci Rep
7:40366. https://doi.org/10.1038/srep40366

@ Springer


https://doi.org/10.1007/s10113-023-02137-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.futures.2007.10.008
https://doi.org/10.1016/j.futures.2007.10.008
http://www.fao.org/3/a-ap106e.pdf
http://www.fao.org/3/a-ap106e.pdf
http://www.fao.org/aquastat/statistics/query/results.html
http://www.fao.org/aquastat/statistics/query/results.html
https://doi.org/10.1016/j.shpsc.2015.01.004
https://doi.org/10.1016/j.atmosenv.2008.03.044
https://doi.org/10.1016/j.atmosenv.2008.03.044
https://doi.org/10.5194/gmd-8-4045-2015
https://doi.org/10.5194/gmd-8-4045-2015
https://doi.org/10.5194/bg-13-2441-2016
https://doi.org/10.3390/su7043528
https://doi.org/10.3390/su7043528
https://doi.org/10.1073/pnas.1012878108
https://doi.org/10.1038/srep40366

155 Page8of8

Regional Environmental Change (2023) 23:155

Bouwman AF, Boumans LJM, Batjes NH (2002) Estimation of global
NH3 volatilization loss from synthetic fertilizers and animal
manure applied to arable lands and grasslands. Glob Biogeochem
Cycles, 16(4). https://doi.org/10.1029/2000GB001389

Bouwman AF, Beusen AHW, Billen G (2009) Human alteration of
the global nitrogen and phosphorus soil balances for the period
1970-2050. Glob Biogeochem Cycles, 23(4). https://doi.org/10.
1029/2009GB003576

Chang J, Havlik P, Leclere D, de Vries W, Valin H et al (2021) Recon-
ciling regional nitrogen boundaries with global food security. Nat
Food 2(9):700-711. https://doi.org/10.1038/343016-021-00366-x

Clarisse L, Clerbaux C, Dentener F, Hurtmans D, Coheur P-F (2009)
Global ammonia distribution derived from infrared satellite obser-
vations. Nat Geosci 2(7):479-483. https://doi.org/10.1038/ngeo5
51

FAO (2014) Building a common vision for sustainable food and agri-
culture. Principles and approaches. Retrieved from https://www.
fao.org/3/i3940e/i3940e.pdf. Accessed 15 Oct 2021

FAOSTAT. Food and agricultural data. Retrieved May 3, 2019 http://
www.fao.org/faostat/en/#home

Gu B, Zhang X, Lam SK, Yu Y, van Grinsven HIM et al (2023) Cost-effec-
tive mitigation of nitrogen pollution from global croplands. Nature
613(7942):77-84. https://doi.org/10.1038/s41586-022-05481-8

Indiastat. Socio-economic statistical information about India and its
states. https://www.indiastat.com. Accessed 16 Nov 2018

Lassaletta L, Billen G, Grizzetti B, Anglade J, Garnier J (2014) 50
year trends in nitrogen use efficiency of world cropping systems:
the relationship between yield and nitrogen input to cropland.
Environ Res Lett 9(10):105011-105019. https://doi.org/10.1088/
1748-9326/9/10/105011

Lassaletta L, Billen G, Garnier J, Bouwman L, Velazquez E et al (2016)
Nitrogen use in the global food system: past trends and future tra-
jectories of agronomic performance, pollution, trade, and dietary
demand. Environ Res Lett 11(9):095007. https://doi.org/10.1088/
1748-9326/11/9/095007

Pingali PL (2012) Green Revolution: Impacts, limits, and the path
ahead. Proc Natl Acad Sci - PNAS 109(31):12302-12308. https://
doi.org/10.1073/pnas.0912953109

Prasad VK, Stinner B, Stinner D, Cardina J, Moore R et al (2003) Trends
in food production and nitrous oxide emissions from the agriculture
sector in India: environmental implications. Reg Environ Chang
3(4):154-161. https://doi.org/10.1007/s10113-002-0055-y

Serra J, Marques-dos-Santos C, Marinheiro J, Aguilera E, Lassaletta
L et al (2023) Nitrogen inputs by irrigation is a missing link in the

@ Springer

agricultural nitrogen cycle and related policies in Europe. Sci Total
Environ 889:164249. https://doi.org/10.1016/j.scitotenv.2023.164249

Smaling EMA, Fresco LO (1993) A decision-support model for monitoring
nutrient balances under agricultural land use (NUTMON). Geoderma
60(1):235-256. https://doi.org/10.1016/0016-7061(93)90029-K

Steffen W, Richardson K, Rockstrom J, Cornell SE, Fetzer I et al (2015)
Planetary boundaries: guiding human development on a chang-
ing planet. Science 347(6223):1259855. https://doi.org/10.1126/
science.1259855

Stehfest E, van Vuuren D, Kram T, Bouwman L, Alkemade R et al.
(2014) IMAGE by IMAGE 3.0. Retrieved from http://www.pbl.
nl/en/publications/integrated-assessment-of-global-environmen
tal-change-with-IMAGE-3.0. Accessed 4 Sep 2018

Stone GD (2019) Commentary: New histories of the Indian Green Revo-
lution. Geogr J 185(2):243-250. https://doi.org/10.1111/ge0j.12297

Sumberg J, Keeney D, Dempsey B (2012) Public agronomy: Norman
Borlaug as ‘Brand Hero’ for the Green Revolution. J Dev Stud
48(11):1587-1600. https://doi.org/10.1080/00220388.2012.713470

Swaney DP, Hong B, Paneer Selvam A, Howarth RW, Ramesh R et al
(2015) Net anthropogenic nitrogen inputs and nitrogen fluxes
from Indian watersheds: an initial assessment. J Mar Syst 141:45—
58. https://doi.org/10.1016/j.jmarsys.2014.09.004

Van Damme M, Clarisse L, Heald CL, Hurtmans D, Ngadi Y et al (2014)
Global distributions, time series and error characterization of atmos-
pheric ammonia (NH3) from IASI satellite observations. Atmos Chemi
Phys 14(6):2905-2922. https://doi.org/10.5194/acp-14-2905-2014

Vergauwen D, De Smet I (2017) From early farmers to Norman Bor-
laug — the making of modern wheat. Curr Biol 27(17):R858-
R862. https://doi.org/10.1016/j.cub.2017.06.061

Zhang X, Davidson EA, Mauzerall DL, Searchinger TD, Dumas P et al
(2015) Managing nitrogen for sustainable development. Nature
(London) 528(7580):51-59. https://doi.org/10.1038/nature 15743

Zhang X, Zou T, Lassaletta L, Mueller ND, Tubiello FN et al (2021)
Quantification of global and national nitrogen budgets for crop
production. Nature Food 2(7):529-540. https://doi.org/10.1038/
s43016-021-00318-5

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1029/2000GB001389
https://doi.org/10.1029/2009GB003576
https://doi.org/10.1029/2009GB003576
https://doi.org/10.1038/s43016-021-00366-x
https://doi.org/10.1038/ngeo551
https://doi.org/10.1038/ngeo551
https://www.fao.org/3/i3940e/i3940e.pdf
https://www.fao.org/3/i3940e/i3940e.pdf
http://www.fao.org/faostat/en/#home
http://www.fao.org/faostat/en/#home
https://doi.org/10.1038/s41586-022-05481-8
https://www.indiastat.com
https://doi.org/10.1088/1748-9326/9/10/105011
https://doi.org/10.1088/1748-9326/9/10/105011
https://doi.org/10.1088/1748-9326/11/9/095007
https://doi.org/10.1088/1748-9326/11/9/095007
https://doi.org/10.1073/pnas.0912953109
https://doi.org/10.1073/pnas.0912953109
https://doi.org/10.1007/s10113-002-0055-y
https://doi.org/10.1016/j.scitotenv.2023.164249
https://doi.org/10.1016/0016-7061(93)90029-K
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/science.1259855
http://www.pbl.nl/en/publications/integrated-assessment-of-global-environmental-change-with-IMAGE-3.0
http://www.pbl.nl/en/publications/integrated-assessment-of-global-environmental-change-with-IMAGE-3.0
http://www.pbl.nl/en/publications/integrated-assessment-of-global-environmental-change-with-IMAGE-3.0
https://doi.org/10.1111/geoj.12297
https://doi.org/10.1080/00220388.2012.713470
https://doi.org/10.1016/j.jmarsys.2014.09.004
https://doi.org/10.5194/acp-14-2905-2014
https://doi.org/10.1016/j.cub.2017.06.061
https://doi.org/10.1038/nature15743
https://doi.org/10.1038/s43016-021-00318-5
https://doi.org/10.1038/s43016-021-00318-5

	Spatial and temporal patterns of nutrients and their environmental impacts from the agriculture sector in India
	Abstract
	Introduction
	Materials and methods
	Results
	Temporal and spatial patterns in food production
	Spatial patterns in soil nitrogen budgets
	Spatial patterns in ammonia emissions

	Discussion
	Conclusions
	Anchor 11
	References


