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Abstract Global crop production has doubled since the

Green Revolution on the average, but crop yield has stagnated

or even declined in some regions. In the same time, food

demand has highly increased due to population growth and

higher living standards. The use of pesticides and mineral

fertilizers has improved crop yields but also contaminated

food and the environment, thus leading to a global food crisis.

Here, we reviewed the historical trends of global pesticide and

fertilizer application, cereal yields, and production. Our main

findings are as follows: (1) fertilizer and pesticide consump-

tion increased for 35–40 % of the countries; (2) cereal pro-

duction in 38 % of countries and yields in 47 % of countries

either stagnated or decreased from 1961 to 2010; (3) countries

showing stagnated or decreased yields are countries with low

gross domestic product per capita, mainly situated in Africa,

South America, and West Asia. Our findings thus evidence a

global imbalance in food production and the usage of fertil-

izers and pesticides.

Keywords Consumption imbalance . Fertilizers . Pesticides .

Cereal production . Environmental protection
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1 Introduction

Increased global crop production has decreased the number of

hungry people worldwide since the Green Revolution

(Godfray et al. 2010). However, in 2010, there were still 925

million undernourished people worldwide, with 98 % of these

individuals living in developing countries (FAO 2010). Crop

yields have stagnated or even declined in some regions

(Peltonen-Sainio et al. 2009; Lin and Huybers 2012), and

cereal yields in around a quarter of cereal growing area did

not improve from 1961 to 2008 (Ray et al. 2012). This

indicates a potential global food crisis in the coming decades,

which will likely be aggravated by a decrease in the area in

agricultural production (Foley et al. 2011; Graf et al. 2014),

the continual expansion of biofuel production (Gelfand et al.

2013), generally elevated standards of living, and huge food

wastage (Del Grosso and Cavigelli 2012). The crisis may be

serious (Fig. 1), not only in relatively poor countries but also

in countries that depend on food imports; if food-exporting

countries stop exporting or increase food prices, then coun-

tries that depend on food imports will require increased do-

mestic food production, likely through increased fertilizers

and pesticides usage.
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Application of chemical fertilizers and pesticides in agri-

cultural systems has increased in the past decades as a means

for improving crop yields (Fig. 2), and application has been

predicted to continue to increase substantially in the next few

decades (Matson et al. 1997; Tilman et al. 2002; Mueller et al.

2012; Martínez-Blanco et al. 2013). However, the use of these

chemicals is controversial because of their environmental

impacts (Garratt et al. 2011; Gill et al. 2012; Henry et al.

2012; Whitehorn et al. 2012; Popp et al. 2013; Pelosi et al.

2014). Pesticides significantly reduced the biodiversity of

stream invertebrates in Europe and Australia and resulted in

a loss of 42 % species pools (Beketov et al. 2013).

Agricultural non-point source pollution has been common in

developing countries and is induced by excessive inputs of

nutrients (Sun et al. 2012). The debate continues over the

effects of these additions on the sustainability of the food

supply and public and ecosystem health (Liu et al. 2012;

Pingali 2012). Moreover, imbalance in chemical additions in

agricultural production is common because national policies

and/or regional resources are different (Vitousek et al. 2009;

MacDonald et al. 2011). Phosphorus scarcity is widespread in

South America while most of Eastern Asia has a phosphorus

surplus (MacDonald et al. 2011). Similarly, 80 % of African

countries are nitrogen deficient, while nitrogen surpluses

are common in most Asian countries (Ju et al. 2009;

Vitousek et al. 2009; Liu et al. 2010). Surplus nutrients are lost

to natural ecosystems through leaching, soil erosion, and

gas production, which degrade water and air quality

(Ju et al. 2009).

In this study, we, thus, analyzed both the historical

trends and current status of global pesticide and fertil-

izer application, cereal yields and production, and per

capita cereal production, in order to make suggestions

as to which countries need to increase fertilizer and

pesticide application to improve crop production and

which need to decrease chemical applications for envi-

ronmental protection. This can assist countries in applying

policy actions to reach a balance between food supply and

environmental protection, in the face of global imbalances in

resource consumption.

2 History trend of global fertilizer consumption

From the IFADATA website (IFA 2012), consumption data

were obtained for total global N+P2O5+K2O as fertilizer from

1961 to 2010. A total of 88 countries with relatively complete

data were used for trend analysis of fertilizer consumption.

The 88 countries under study consumed 110 million tonnes of

fertilizers (nitrogen, phosphate, and potash) per year on aver-

age from 1961 to 2010 (IFA 2012). China consumed the most

fertilizer using, 21.6 million tonnes each year, followed by the

USA (Table 1). Eighteen countries used more than 1 million

tonne of fertilizer each country per year on average. Fertilizer

application rates, as fertilizer consumption per hectare of

harvested area, were not even across the global. There 15

countries were lacking in fertilizer, using less than

50 kg ha−1 in 2010, approximately 73 % of these countries

(11 countries) situated in Africa (Fig. 3). In contrast,

Mauritius, New Zealand, Malaysia, Ireland, Kuwait,

Netherlands, Israel, and Chile consumed more than 800 kg

fertilizers per hectare of harvested area in 2010 (Fig. 3). Those

countries and regions, both developed and developing, that

typically use an excess of chemical fertilizers should reduce

Fig. 1 Rice harvesting in a village, Hunan Province, China

Fig. 2 Pesticide application in a

research base on plant protection,

Nanjing, China
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inputs and take measures to increase the efficiency of chem-

ical additions, for the benefit of the agricultural economy, the

environment, and human health (Gill et al. 2012; Henry et al.

2012; Kuivila et al. 2012; Whitehorn et al. 2012). Scarcity of

nutrient supplies is also a key factor that limited the increase in

cereal yields (Vitousek et al. 2009; Liu et al. 2010;

MacDonald et al. 2011). These developing countries first need

to feed their increasing human populations. Modern technol-

ogies and best practices could help developing nations to

increase crop production substantially. For example, in

Africa, the lack of roads makes it way too expensive and

difficult for farmers to get access to synthetic fertilizers, which

hampers agricultural productivity.

Based on the observed trends in fertilizer consumption, the

countries and regions were categorized into five groups (Ray

et al. 2012): increasing (I-style), interannual variation but no

obvious trends (N-style), first increasing and then stagnating

(IN-style), first increasing and then decreasing with a

unimodal trend (U-style), and finally decreasing over time

(D-style). Fertilizer consumption in 35 countries (39.7 %)

increased (I-style) over the study period (Fig. 4; Table 2); this

category included only three developed countries with the

majority situated in Asia and South America. There were 15

IN-style countries (17.1 %) (Fig. 4), including the USA and

Spain, two developed countries. Seven countries were cate-

gorized as N-style (7.95 %). Thirty countries (34.1 %) exhib-

ited the U-style, first increasing and then decreasing, and most

of these (21 countries) were developed nations situated in

Europe. There was only one D-style country (Trinidad and

Tobago), which consumed a decreasing quantity of fertilizer

from 1961 to 2010 (Fig. 4). Some developed countries have

decreased their consumption of fertilizers and pesticides in

recent years owing to growing public concern over the envi-

ronmental impacts of excessive chemical inputs in agriculture

systems (Ju et al. 2009; MacDonald et al. 2011; Sun et al.

2012). In contrast, research agendas and national policy

should be focused on the needs of resource-limited countries.

Multiple non-governmental organizations (NGOs) are

pouring money to African farmers to providing fertilizers.

Some African countries show recent increases in consump-

tion. Agricultural policies provide farm households with

grains and input subsidies in developing nations made them

to use enough chemical applications (Huang et al. 2011).

Thousands of tonnes of fertilizers have been consumed to

improve crop yield since the Green Revolution beginning a

few decades ago (Tilman 2001; Mueller et al. 2012).

However, harvested crops generally only consume about half

of the fertilizer input to a given fields (Liu et al. 2010; Miao

et al. 2011); the excess fertilizer is a threat to the surrounding

environment and a large waste for farmers. Fertilizers affect

soil organic carbon by influencing crop residue and C miner-

alization (e.g., Russell et al. 2009; Martínez-Blanco et al.

2013). Eutrophication of surface waters, particularly inT
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freshwater streams and coastal seas, the degradation of down-

stream water quality, loss of biodiversity and changes in spe-

cies composition, tropospheric smog and ozone production,

and acidification of soils are major environmental conse-

quences of fertilizer additions (Vitousek et al. 1997, 2009;

Carpenter et al. 1998). FAO through the global soil partnership

has provided useful soil information for agricultural manage-

ment, including how to select crop species and determine

irrigation and fertilizer or other inputs, etc. (Omuto et al. 2013).

3 History trend of global pesticide consumption

A database on global pesticide consumption, including insec-

ticides, herbicides, fungicides, and bactericides, from 1990 to

2010 was obtained from the FAOSTAT website (FAO 2012).

There are 81, 75, and 77 countries that had relatively complete

databases allowing for the detection of trends in pesticide

consumption for insecticides, herbicides, and fungicides and

bactericides, respectively. Data from the USSR (former FSU)

and from the Russian Federation were combined as the URF.

Former Czechoslovakia and the Czech Republic were com-

bined as “Czech.” Pesticide consumption was analyzed from

1990 to 2010worldwide and included insecticides, herbicides,

fungicides, and bactericides (FAO 2012). Since the pes-

ticide consumption databases cover only 21 years, the

observed trends were categorized into only four groups: I-, N-,

U-, and D-style. Developed and developing countries

were classified according to the country classification

of the World Economic Situation and Prospects (WESP)

(United Nations 2012).

3.1 Insecticide consumption

The 82 countries consumed 342 thousand tonnes of insecticides

in total per year on average from 1990 to 2010. The USA

consumed the largest amount of insecticides with 90 thousand

tonnes each year, followed by India (Table 1). Thirty-four

countries used more than 1 thousand tonnes of insecticides each

per year on average. Insecticide application rate, or the insecti-

cide consumption per hectare of harvested area, varied among

countries. Twenty countries consumed over 2 kg ha−1 of insec-

ticides in 2010, with 12 nations in North and South America

(Fig. 3). Countries located at high latitudes, such as Norway and

Denmark, consumed the least insecticides, using less than

45 g ha−1 (Fig. 3). Twenty-nine countries (35.4 %) exhibited

Fig. 3 Global maps of consumption rate for chemical additions in 2010. Top left, fertilizer rate; top right, insecticide rate; bottom left, herbicide rate;

bottom right, rate of fungicide and bactericide
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an I-style of insecticide consumption from 1990 to 2010 (Fig. 4;

Table 2), including five developed countries (Czech Republic,

Hungary, Latvia, Netherlands, and Poland). Most of these I-

style countries were situated in South America and Eastern

Europe (Fig. 4). The insecticide consumption of 23 countries

(28.1 %), including six developed countries, showed an N-style

pattern. There were seven countries (8.50 %) that exhibited a

unimodal trend (U-style). Twenty-three countries (28.0 %)

displayed a decreased trend (D-style), of which over one half

(13 countries) were developed nations in Europe (Fig. 4).

3.2 Herbicide consumption

The herbicide consumption of 75 countries per year was on

average 566 thousand tonnes from 1990 to 2010. The USA

consumed the most herbicides, at 201 thousand tonnes each

year, followed by Mexico (Table 1). There were 45 countries

which used more than 1 thousand tonnes of herbicides per year

on average each. Most South American countries consumed

over 2 kg ha−1 of pesticides in 2010 (Fig. 3). South and West

Asian countries such as India, Myanmar, and Bangladesh,

Fig. 4 Global maps of trend types for chemical additions (ArcMap 9.3, ESRI Inc.): top left, fertilizer trends from 1961 to 2010; top right, insecticide trends

from 1990 to 2010; bottom left, herbicide trends from 1990 to 2010; bottom right, trends of fungicide and bactericide from 1990 to 2010

Table 2 Percentage of four trend types for consumption of fertilizers and pesticides (i.e., insecticides, herbicides, and fungicides and bactericides) and

global cereal production at the country scale

Trend typea Cereal production (%) Yield (%) Fertilizers (%) Insecticides (%) Herbicides (%) Fungicides and bactericides (%)

Increase 62.16 52.60 39.77 35.37 40.00 33.77

No obvious trend 17.57 24.00 7.95 28.05 44.00 48.05

Increase then stagnate 4.73 15.40 17.05 – – –

Unimodal 10.81 4.57 34.09 8.53 6.67 6.49

Decrease 4.73 3.43 1.14 28.05 9.33 11.69

No. of countries 148 175 88 82 75 77

aTrend type is consistent with Table 1

Trends of chemical additions and cereal yields during 1961–2010 87



consumed the least herbicides, using less than 100 g ha−1 in

2010 (Fig. 3). Thirty countries (40.0 %) increased herbicide

consumption (I-style) from 1990 to 2010 (Fig. 4; Table 2),

including six developed countries.Most of these countries were

situated in South America and in Eastern Europe. The herbicide

consumption of 33 countries (44.0 %) was N-style, and five

countries (6.67 %) exhibited U-styles, including one developed

country (the UK). The remaining five developed and two

developing countries (9.33 %), including Austria, France,

Italy, Romania, Slovakia, Sri Lanka, and Macedonia, displayed

a decreasing trend (D-style) (Fig. 4).

3.3 Fungicide and bactericide consumption

A total of 353 thousand tonnes of fungicides and bactericides

were consumed per year on average across 77 countries. Italy

consumed the most fungicides and bactericides (FB), using

61,700 tonnes each year, followed by France (Table 2).

Fungicides and bactericides consumption per hectare of har-

vested area was also uneven worldwide. Most South American

countries consumed around 1 kg ha−1 of fungicides and bacte-

ricides in 2010, while Colombia used over 8 kg per hectare

(Fig. 3). Ten countries in West Asia and Africa, such as Togo,

Mozambique, Madagascar, Myanmar, Pakistan, and Iraq, con-

sumed the least fungicides and bactericides, less than 70 g ha−1

in 2010 (Fig. 3). There were 26 countries (33.8 %) which

increased fungicides and bactericides consumption from 1990

to 2010 (I-style) (Fig. 4; Table 2), including four developed

countries (Czech Republic, Greece, Poland, and Portugal). The

fungicides and bactericides consumption of 37 countries

(48.0 %) showed an N-style trend and included 15 developed

countries. Five countries (Columbia, Iran, Moldova, Serbia and

Montenegro, and Yemen) exhibited a U-style trend (6.50 %).

Nine countries (11.7 %) displayed a D-style trend, and most of

these (seven countries) were developed nations (Fig. 4).

While the use of agricultural chemicals for controlling pests

can vastly improve crop yields, this comes with a cost to the

environment. The impacts of chemical pesticides have come

into focus since the publication of Rachel Carson’s book Silent

Spring in 1962. For example, exposing honey bees or bumble-

bees to pesticides has been shown to reduce the number of bee

colonies, queen production, foraging success, and the rate of

pollen collection (Gill et al. 2012; Henry et al. 2012;Whitehorn

et al. 2012). Pesticides usually enter the soil via wash-off from

treated foliage or are applied directly into soil to control pests

and plant diseases. Pesticide application can undermine soil

invertebrate population and soil quality (Goulson and Kleijn

2013; Muñoz-Leoz et al. 2013; Odukkathil and Vasudevan

2013; Pelosi et al. 2014). Pesticides can also be a threat to

human health, for example when they appear as residues in

food or drinking water. Farm workers and employees in the

chemical industries may also be exposed to chemical pesticides

(Goldman and Koduru 2000; Liang et al. 2012; Liu et al. 2012).

Countries showed a U- and D-style of chemical additions

have started to find other solutions, besides chemicals, to

control insects, weeds, and fungi for reducing the environ-

mental impacts of chemical additions in agricultural systems.

For example, “smart farming” technologies have resulted in

reductions in inputs of chemical additions in the developed

world, owing to accurate fertilizer placement and pesti-

cide spraying, with navigation, sensor technology, data man-

agement, and farm management paving the way for high

farming efficiency.

4 History trend of global cereal yields and production

Global yield and production of total cereals were downloaded

from the FAOSTATwebsite (FAO 2012) to investigate trends

from 1961 to 2010. One hundred and seventy-five countries

with complete datasets were chosen for the analysis.

4.1 Yield of total cereals

Average cereal yields (over the last 50 years) varied from a

low of 373 kg ha−1 in Namibia to a high of 6,215 kg ha−1 in

the Netherlands across the 175 countries or regions under the

study (FAO 2012). There were 38 countries that had average

yields over 3,000 kg ha−1 (Fig. 5). The 20-fold variation in

yield among countries indicates that solutions to increase

cereal yields are needed, available, and feasible at the coun-

try-level. Countries with high yields were mainly situated in

East Asia and North and South America, while most African

countries produced low cereal yields (Fig. 5).

The average cereal yield of the 175 countries or regions

during the last 50 years significantly increased from

1,358 kg ha−1 in 1961 to 2,925 kg ha−1 in 2010 (Y=

1,337.2+31.5×year, R2=0.99). Ninety-two countries

(52.6 %) had historically experienced yield increases, show-

ing an I-style trend (Y=1,246.7+45.7×year, R2=0.99) (Fig. 5;

Table 2). Forty-two countries (24.0 %) showed interannual

variation but no obvious trend (N-style) in cereal yields.

Cereal yields in 27 countries (15.4 %) first increased and then

stagnated (IN-style). Eight countries (4.57 %) experienced

yield collapses and showed a U-style, and six countries

(3.43 %) had decreasing yields from 1961 onwards and

showedD-styles (Fig. 5).Most of the N- and D-style countries

were located in Africa.

4.2 Production of total cereals

Among the 148 countries or regions under study (FAO 2012),

each of 30 countries produced more than 10 million tonnes of

cereal per year on average. China had the highest cereal

production, at 324 million tonnes each year, followed by

USA (Table 1). Countries that had high cereal production

88 Y. Liu et al.



per capita were mainly situated in Europe and in North

America, while most African countries had low cereal pro-

duction per capita of less than 50 kg cereal per capita on

average in 2010 (Fig. 5).

Approximately 62.2 % of countries (92) increased cereal

production from 1961 to 2010 (I-style) (Figs. 5, 6; Table 2),

including the three highest cereal producers: China, the USA,

and India. There were seven countries (4.73 %), Norway,

Congo, Greece, Hungary, UK, Canada, and USF (the USSR

and the Russian Federation), classified as first increasing and

then stagnating (IN-style). These countries first increased

production until roughly 1990 and then stagnated (Figs. 5

and 6). There were 26 countries (17.6 %) that showed inter-

annual variation in production but no obvious trend (N-style)

(Figs. 5 and 6; Table 2). Apart from the Netherlands and

Portugal, the other N-style countries were developing nations,

and most of them were in Africa (Fig. 5). The mean gross

domestic product (GDP) per capita in those countries (2.97×

103 dollars on average) was three times less than the mean

value (1.15×104 dollars) in the world in 2010 (rude data from

the World Bank). Cereal production in 16 countries (10.8 %)

first increased until 1985–1990 and then decreased, exhibiting a

unimodal trend (U-style); this category included two developed

countries, Sweden and Switzerland (Figs. 5 and 6; Table 2).

This may indicate that the 1980s were boom years in cereal

production for these countries. There were seven countries

(4.73%) that showed decreased production (D-style), including

two developed countries (Cyprus and Japan) (Fig. 5).

The global imbalance in the consumption of fertilizers and

pesticides inevitably has had impacts on cereal production

around the world. Developed countries, such as those in

Europe, have had high cereal production per capita, and yields

and production have increased over time. In these countries, the

amount of fertilizers and pesticides used has also been high.

In contrast, per capita cereal production in most African

countries was very low (Fig. 5), and cereal yields either stayed

the same or even decreased over time. Other studies have also

found evidence for stagnation in yields in some regions

(Peltonen-Sainio et al. 2009; Lin and Huybers 2012). For

example, based on dataset for maize, rice, wheat, and soybean

from 1961 to 2008, Ray et al. found that yields in around a

quarter of cereal growing area either stagnated or declined (Ray

Fig. 5 Global maps of cereal production and yield (ArcMap 9.3, ESRI

Inc.): five trend styles (I, IN, N, U, D) of cereal production (top left) and

yield (top right) from 1961 to 2010, per capita cereal production (annual

cereal production divided by population) in 2010 (bottom left), and cereal

yield in 2010 (bottom right). I, IN, N, U, and D suggest increasing,

stagnating, interannual variability, collapsing, and decreasing trends,

respectively
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et al. 2012). Cereal yields mainly depend on the crop

varieties grown and the environmental conditions (both

abiotic and biotic) and the crop experiences, such as

nutrient inputs, herbivory damage, competition from

weeds, diseases, and local climate. Cereal yields and

production in those N-style countries depends on natural

weather fluctuations, and here there is a lack of effec-

tive agricultural management policies, which may play

an important role in improving cereal yields.

5 Integrated assessment of chemical additions

Per capita cereal production was calculated by dividing cereal

production by population for each country studied in 2010.

The consumption of fertilizers and pesticides (insecticides,

herbicides, fungicides, and bactericides) in 2010 was divided

by harvested area to obtain the rate of fertilizer and pesticide

application. All countries with data were ordered into the nine

types and assigned values with integers from −4 to 4 (Xi) for

Fig. 6 Illustrative examples for five styles of global cereal production trends from 1961 to 2010: Filled points in each panel are the cereal production in

three example countries
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six indicators (i): per capita cereal production and yield, and

fertilizer, insecticide, herbicide, and FB application rates. The

weights of the six indicators (Wi) were 0.4, 0.2, 0.1, 0.1, 0.1,

and 0.1, respectively. The consumption index (CI) of each

country was calculated as: CI ¼ ∑
i¼1

6

X i �W ið Þ.

Low consumption index values mean that higher chemical

additions are needed to increase cereal production, and high

consumption index values indicate that chemical additions

should be decreased to protect the environment. The six

indicators were divided into two parts: the first included per

capita cereal production and yield, and indicated the value of

current cereal production, while the second part included the

remaining four indicators and was a measure of environmental

protection. When any indicator value was missing in either

part, its weight was added to the other indicators in that part.

The consumption index value will not be calculated if all

indicators in any part were missing.

Countries with a high consumption index were mainly in

North America, Europe, South and East Asia, and in the

southern part of South America (Fig. 7), indicating that these

countries should decrease the consumption of fertilizers and

pesticides in agriculture systems for the health of their eco-

systems. Countries in Africa had some of the lowest consump-

tion index values, and West Asia and Russia also had low

consumption indices. Policies in these countries, especially

among the African countries, should strive to increase

investment in nutrient additions to increase cereal production.

It will be more efficient and effective to enhance the commu-

nication and cooperation between authorities and companies,

particularly those producing fertilizer and pesticide.

If there are no feasible solutions to alleviate the

negative effects of production practices aimed to simul-

taneously increase crop yields and decrease environmen-

tal impacts of agricultural intensification, there will be a

trade-off between increased crop yield and environmen-

tal protection. Thus, feasible solutions should be devel-

oped to obtain a balance between increasing crop pro-

duction to feed a growing human population and simul-

taneously mitigating negative environmental impacts

(Tilman 2001; Foley et al. 2011; Mueller et al. 2012).

For example, new technologies have gained high pro-

duction with lower nutrient inputs (Matson et al. 1998).

Drip and pivot techniques, conservation tillage, in-

creased soil moisture capacities, and agro-forestry or

tree-cropping systems are all technologies likely to in-

crease nutrient-use efficiency and reduce environmental

impacts. Biological pest control is an alternative method

to control pests; the use of which may reduce pesticide

consumption (Popp et al. 2013). Ecosystem-based

methods for removing chemical pollutants, such as con-

structed wetlands, are an effective practice for mitigat-

ing hydrophobic pesticides in irrigation tailwater (Budd

et al. 2009). When applying chemicals in a given

Fig. 7 Global maps of the consumption index (CI) for chemical additions (ArcMap 9.3, ESRI Inc.): integrated assessment for increasing (low CI value)

or decreasing (high CI value) their consumption in each country
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location, it is also important to assess the agriculture

ecosystem as one part of an integrated landscape, con-

sidering simultaneously the impacts of chemicals to be

applied on the surrounding environment and on public

health.

Besides the environment and public health effects of

increased chemical use (Liu et al. 2012), additional factors

are acting to increase pressure on global food supply, such

as a decrease in area used for agriculture (Foley et al.

2011), the continual expansion of biofuel production

(Gelfand et al. 2013), and the effects of climate change

on cereal yield (Tao et al. 2012). Climate change has

impacts on crop production generally through changing

(1) the length of potential growing season for crops (Piao

et al. 2006), (2) the geographic ranges of pests and dis-

eases (Piao et al. 2010), (3) the frequency of extreme

events, like droughts and floods (Dai et al. 2004; Pan

et al. 2011), and (4) the fertilization of elevated CO2

and damaging effects of O3 (Fuhrer 2003; Long et al.

2005). In addition, the effects of climate change on crop

production depend on regional conditions and crop varie-

ties. For example, warming is likely to benefit irrigated

agriculture but do harm to rainfed crops in China (Wang

et al. 2009). The losses of wheat and rice can be avoided

through changing crop varieties, planting time, fertilizer

use, and irrigation, whereas such methods have little ben-

efit for maize yield (Challinor et al. 2014). Thus, it is also

important to consider the impacts of other factors on crop

production in the integrated assessment and policy-

making of chemical additions.

6 Conclusions

The global imbalance in the use of agricultural chemicals is

responsible in part for the imbalance in the global food supply

and environmental consequences. Most countries in Africa

and Western Asia, and particularly African countries with

low per capita food supplies, need to continue to increase their

use of chemicals in order for crop production to feed their

increasing populations. In contrast, many countries in Europe,

North and South America, and Eastern Asia need to decrease

their use of chemical additions in order to protect the environ-

ment and human health. The global imbalance in chemical

applications and cereal production becomes a challenge in

creating policies to balance food supply and environmental

protection. This suggests that the policies should be based on

nation or regional level because currently around one billion

people still go hungry due to their inability to afford food

instead of the lack of total food in the world. Thus, the

consumption of chemical fertilizers and pesticides should be

optimized across a far more complex landscape of production,

environmental protection, and economic development.
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