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Abstract: This study looks into the factual link between nitrogen fertilizer use and the land annual
mean temperature anomalies arising from climate change, incorporating the effect of income and
agriculture share to understand better their impact on emissions from agricultural activities along
climate indicators. The study unearths causalities associated with this link by employing the Vector
Error Correction Model (VECM) with back-dated actual panel data specifically constructed for this
study by combining four datasets from 2002 to 2010. In the long-run, the causality is significant
and unidirectional, indicating that income, agriculture share, and land temperature anomalies cause
agricultural emissions, and that disequilibrium from such emissions is not eliminated within a year.
In the short-run, the effective use of nitrogen fertilizers and other associated agricultural practices
can be achieved as countries approach per capita income of 7000 USD. Changes in the structure
of economies have an expected effect on agricultural emissions. Temperature anomalies increase
agricultural emissions from nitrogen fertilizers, possibly due to the fact that the potential negative
impacts of these anomalies are mitigated by farmers through changes in crop production inputs.
Therefore, as part of adoption strategies, to avoid the excessive and inefficient use of nitrogen
fertilizers by farmers, economic incentives should be aligned with the national and global incentives
of sustainability.

Keywords: agriculture; nitrogen fertilizer; climate change; VECM

JEL Classification: Q10; Q53; Q54; Q56

1. Introduction

In the face of global warming, agricultural production systems must become more resilient to
long-term changes in temperature and precipitation, as well as to disruptive events. By the year 2100,
under different scenarios, climate change is predicted to have an impact on the market (as a percent
of GDP) for the entire world—but more so for poorer countries than for richer ones. Agriculture,
as a climate sensitive sector, plays an important role in the economies of poor countries, where
the impact is larger and the relationship between crop responses and temperature follows an inverted
U-shape relationship [1]. Changes in crop yields, in turn, might affect the use of agricultural inputs,
including nitrogen fertilizer. The resilience of agricultural production systems to climate change
requires higher efficiency in the use of natural resources and inputs of agricultural production [2].
In order to employ agricultural inputs more efficiently in the production process and thus adopt less
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emission intensive technologies, the effects of climate change on the use of these inputs need to be
understood better.

The literature presents experimental and cross-sectional studies on the impact of future climate
scenarios in five sectors, namely, water, energy, timber, coasts, and agriculture, as well as in the economy
overall [1]. Moreover, the literature shows global and country-level specific studies investigating
crop-switching, the Ricardian method, and temperature affects under future climate scenarios [3–5].
Zinyengere, Crespo and Hachigonta [6] and Chen et al. [7] provide extensive literature reviews on
crop-response projections for South Africa and China, respectively. Existing studies with the Ricardian
method assume that farmers alter their inputs, outputs, and practices in response to climate change [3].
Furthermore, a field survey from China reveals that, when faced with drought, in order to mitigate the
potential negative impacts, 35 percent of farmers in China change crop production inputs (e.g., seeds,
fertilizer, pesticides, and labor) and 24 percent of farmers adjust crop planting and/or harvesting
time [8].

Although there is a significant body of literature in the science domain at all scales and in
economics at the micro level, empirical studies at the global scale on the linkage of economic
development with fertilizer use and agricultural emissions based on actual or historical data are
underprovided [9,10].

While the change in the amount of nitrogen fertilizer consumed might help farmers to adapt to
global warming, this change in and of itself alters nitrous oxide emissions from agriculture. Therefore,
studying these effects at a more macro level with actual country-level historical data would provide
evidence for targeted mitigation efforts and options for adaptation.

As an indirect energy, fertilizer plays an important role in maintaining soil fertility and hence in
increasing crop yields, which is the most important source of growth in crop production, followed closely
by expanding land area and increasing the frequency of harvest. Thus, the role of fertilizer in feeding
the world is not disputable. As more countries become further developed, and as the size of the world
population increases, the demand for agricultural output will continue to grow. At the same time,
responsible policies that predict environmental quality will evolve in the presence of global warming.

The effects of economic growth on various dimensions of environmental quality are analyzed
using the environmental Kuznets curve (EKC) model. According to this approach, in the early stages
of industrialization of a nation or clan, people give a higher priority to income than to the environment.
As incomes rise, however, people are willing to pay for a cleaner environment more than for an increase
in income. Thus, people accept and begin to welcome regulations imposed by institutions, and
hence emission levels start to decline. Since the early 1990s, a few theoretical models have been
introduced [11] as to why and how EKC appears, while more empirical studies have also been
conducted [12]. Initial work in the literature has looked at this simple relationship, in order to
understand whether economic growth along with trade influence are answers to environmental quality
and how various people have supported this relationship.

The first generation of studies uses different indicators and draws different conclusions, but
many empirically support an inverted-U shaped relationship. Grossman and Krueger [13] segregate
the economic activity into scale, composition effects, and a shift in production techniques. The first
two positively and ambiguously affect CO2 emissions from economic activities, whereas the latter can
be seen as a reason to decrease these emissions. Many theoretical papers have followed Grossman
and Krueger [11,14,15]. Later works question the sensitivity of the relationship, depending on
the methodology chosen in these empirical studies [16–21]. They use various sample countries
and time periods and consider various types of pollutants. Most support the inverted-U shaped
relationship of economic growth and CO2 emissions, although their results differ in terms of the actual
turning point. This second generation of arguments circles around two notions: the functional forms
of the models and their environmental quality representations. Assumed functional forms, such as
quadratic (U-shape) or cubic (N-shape) functions of income explaining CO2 emissions, have been
criticized by many [22–25]. Furthermore, some studies have drawn attention to the feedback of CO2
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emissions on income as a problem of endogeneity [26,27] emphasizing the need for research on more
complex bi-directional relationships between economic development and environmental quality as
well as exactly how the demand for environmental quality should be measured. On the one hand,
many studies introduce factors such as trade and openness [28]; distinguishing composition and scale
effects [29]; incorporating property rights using the ratio of credit allocation to the private sector
as a percentage of GDP [30]; energy use [31]; and land and quality of institutions [32] to explain
environmental degradation. On the other hand, several other studies have more recently used different
indicators for dependent variables of environmental degradation, such as ecological footprints [33,34]
and environmental quality [35,36].

Recent studies suggest that the variables in the EKC model can often be integrated (non-stationary).
However, early work on the EKC has not specifically looked into the time series structure of the data.
This suggests that their results may be spurious and hence may have indicated incorrect EKC turning
points. More recent studies have looked into the causal relationship between income and CO2 and SO2

emissions by including energy consumption in their models [6,32,37,38].
Since the literature establishes the relationship between income and CO2 and SO2 via EKC, and

since the EKC may provide an assessment of emission sustainability, although insufficient, we would
like to leverage this paper’s questions within the EKC framework. While this study also tests for
EKC, it differs from previous literature in three ways. First, we specify the N2O emission within
the agricultural sector and focus on the use of nitrogen fertilizer. By doing so, we incorporate
indirect energy consumption in the farming industry and segregate the emissions coming from
farm-side food production that is essential for a fast-growing population. In other words, we integrate
the environmental effects from agriculture and related energy use into the EKC approach in order to
understand the mitigating and increasing effect of agricultural emissions within economic growth.
Second, we acknowledge the causal effect between economic growth and agricultural emissions by
using a cointegration technique and applying VECM to indicate short- and long-run effects. Third,
we incorporate land annual mean temperature in the simple EKC model to control the effect of weather
anomalies on nitrogen fertilizer use, also being aware of a possible bi-directional effect between them.

The Role of Nitrogen Fertilizer Use

As the population grows and per capita consumption patterns change, farmers alter food, feed,
livestock, and fiber production as well as energy use, land-use composition, and social equity [39]. All
these changes, in turn, require use of nitrogen fertilizers. Erisman [40] indicates that the availability
of synthetic fertilizers enables an increase in food production responsible for feeding about half of
the current human population. Nitrogen (N) plays an important role in controlling a species’ diversity
as well as the dynamics and functioning of many terrestrial, fresh water, and marine ecosystems.
While added nitrogen is required to achieve higher crop yields, excessive use of nitrogen-enriched
fertilizers causes environmental damage [41]. Because of the extensive use of fertilizer and pesticides,
the production of crops and livestock is the main source of water pollution. Nitrogen fertilizers also
contribute to global greenhouse gas emissions (GHG), as they are one of the major anthropogenic
sources of nitrous oxide (N2O). Further, fertilizers also impact fishery and forestry. The nitrogen
biogeochemical cycle (see Figure 1) is the basis for understanding the importance of nitrogen fertilizer
use and its environmental damage in agriculture [42,43].

The global cycle of nitrogen has been substantially altered by human activities, with the combustion
of fossil fuels and agriculture. Vitousek et al. [43] summarize that such alteration has certainly been
responsible for the following: (i) doubling the rate of nitrogen input into the terrestrial nitrogen
cycle; (ii) increasing the global concentration of N2O, a potent GHG, as well as other nitrogen oxides;
(iii) causing loss of soil nutrients that are vital for the long-term fertility of soil; (iv) acidifying soil,
streams, and lakes in various regions; and (v) increasing the transfer of nitrogen via rivers to coastal
oceans and estuaries.
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Figure 1. Nitrogen cycle. 
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This paper adds to the breadth of existing literature by examining empirically the impact of both
climate change and income on the agricultural emissions produced by the use of nitrogen fertilizer.
Section 2 describes the EKC model, data description and methodology. Section 3 presents the empirical
results. Section 4 concludes the study with discussion and suggestions for future research.

2. Model, Data and Methodology

We use a simple quadratic form of the EKC model, with environmental controls added
subsequently. The first model asserts that the CO2 equivalent of N2O GHG emissions in the agricultural
sector (AgEm) depends on GDP per capita (GDPcap) and agricultural share in GDP (AgGDP), with
error ε, time t, and country i.

AgEmit = α + β1GDPcapit + β2GDPcap2
it + β3AgGDP + εit (1)

The model (1) is in the form of the relationship between environmental and economic growth. The
dependent variable, an environmental indicator, is provided from the Food and Agricultural Organization’s
Agri-Environmental Indicators (FAOSTAT) [44]. Under the categories of agri-environmental factors,
we use data for the aggregated GHG emissions for N2O from agriculture. Data is shown in total
amounts in Gg CO2 eq and as a percentage share on the total GHG emissions from the agricultural
sector. The FAOSTAT agri-environmental dataset contains nine years of agricultural emissions data
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from 145 countries. Although the dataset lists 239 countries, some provide either no information or
few years of information. Countries with less than 5 years of data were excluded. For total amounts of
GgCO2 eq, the excluded countries presented an average of 100, whereas the model data average is
more than 8000.

As an independent variable, we use GDP per capita, obtained from the World Bank development
indicators (WDI) database [45]. The model asserts a quadratic form of EKC. We also include the share
of agricultural sector in GDP from the WDI database to incorporate the level of agricultural activities
in various economies. In addition to the GDP per capita, the EKC studies include other variables that
are influential on environmental degradation. In this context, the share of the agricultural sector can
be used as a control variable, by means of its impact on fertilizer use. In the model (1) t stands for
time and i represents a country. The parameters β are to be estimated from data, where β1 < 0 and
β2 > 0 indicates an inverted-U shaped relationship between income and environment. In parallel to
the literature [9], we expect to see a β3 > 0, suggesting that if a country has a higher agriculture share
in GDP, the fertilizer use will also be higher.

2.1. Fertilizer Use

Figure 2 shows world nitrogen fertilizer consumption from 1961 to 2001, obtained from FAOSTAT
under the measure of archived fertilizer data. [44] The use of each of the three fertilizers has increased
considerably over the 40-year period, especially for nitrogenous fertilizers. Furthermore, while the use
of phosphate and potash fertilizers has stabilized, especially in the last 20 years, the use of nitrogenous
fertilizer continues to increase. Figure 2 shows a declining trend in the mid-1990s, corresponding to
global economic problems in general and changes in Central Europe and the Former Soviet Union in
particular [46].

When the use of fertilizer data is combined with agricultural yield and population data, it is
observed that, unlike the other two fertilizers and yield, per capita nitrogenous fertilizer use has
increased. The gap between the use of nitrogenous fertilizer and the other two fertilizers widens as
a sluggish increase in yield is suppressed by a larger increase in fertilizer use. Because FAO [47] states
that fertilizer use from agri-environmental and archived data should not be combined, Figures 3 and 4
separate the data for approximately the same time period. We present the data only to understand
better the behavior of nitrogen fertilizer use in the last half of the 20th century.
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2.2. Greenhouse Gas Emissions from Agriculture

FAOSTAT measures consist of the non-CO2 gases methane and nitrous oxide, produced by aerobic
and anaerobic decomposition processes in crop and livestock production and in management activities.
We use the total amounts of nitrous oxide emissions in the agricultural sector as a Gg CO2 equivalent.

Figure 5 demonstrates the relationship between the agricultural emissions and GDP per capita.
We segregate the level of GDP per capita according to the World Bank country classification. Figure 5
shows that, when moving from lower to higher income countries, GHG emissions from the agriculture
sector follow a shape that is close to an inverted-U, similar to observations in the EKC literature.
The highest level of GHG emissions from the agricultural sector is reached when countries have
a medium level of income.

Similarly, moving from countries with higher levels of GDP per capita to those with lower levels,
countries are placed somewhat on an inverted-U shape. The obvious pattern can be seen in Figure 6
for countries which have a greater than 25 percent agricultural share in GDP. The curve also shows
a steep increase in the log of agricultural emissions for lower income countries. The countries with
an agricultural share of 15 to 25 percent show high levels of agricultural emissions when compared to
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the rest of the data, but do not show a regular pattern within the group of countries. The countries
with an agricultural share of less than 15 percent show more disputable behavior, unless we ignore
the outliers of the countries with very low agricultural emissions or with very high income along
with very high emissions. If these countries are counted as outliers and ignored, an inverted-U shape
pattern can be observed from this presentation of data [32].
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2.3. Climate—Temperature Anomalies

Before conveying the methodology of our analyses, we add another variable to our model to
control altered anomalies in temperature changes. Shifts in climate may reduce food supplies and
lead to a potential increase in malnutrition [48–51] and may increase crop vulnerability (though some
regions may benefit from global climate change in the short run). Porter, J. R. et al. [52] show that
climate attribution is increasingly documented not only for average conditions over crop growing
seasons but also for extremes. More specifically, an increase in frequency of unusually hot nights,
attributable to human activity, is found to be damaging to most crops and particularly observed for
rice yields [53–55]. In addition, extreme high daytime temperatures are found to be damaging and
sometimes lethal to crops on a global scale [56,57]. At both the regional and local level, it is important
to note that soil temperature scales, soil moisture, and clouds each have a significant role in driving
the trend sterns in daytime maximum temperature than the GHG emissions. Therefore, it is harder to
attribute these trends to GHG emissions [58,59]. The scope of this study is global; therefore, the land
annual mean temperature anomalies variable is added to the model as a control variable to capture
the effect of the climate as much as possible. The addition of this environmental control variable
may lessen the effect of omitted variable bias, leading to a possible endogeneity problem. Model (2)
includes this variable.

AgEmit = α + β1GDPcapit + β2GDPcap2
it + β3AgGDP + β4WA + εit (2)

We incorporated the National Aeronautics and Space Administration (NASA) Goddard Institute
for Space Studies’ (GISS) zonal annual means data [60] to our main dataset. The National Oceanic
and Atmospheric Administration’s (NOAA) National Climatic Data Center (NCDC) [61] states that
surface temperature anomalies’ data are useful as a global-scale climate diagnostic tool and provide
an overview of mean global temperatures, when compared to a reference value. Since anomaly data
is used to investigate regional and global patterns and to provide temperature information with
respect to a reference value in a base period, anomaly data can also be used to represent climate
change in panel data with short-time dimensions like those in our study. For particular locations
and time periods, land annual mean temperature anomalies provide information on variations from
normal temperatures. The GISS normal is the mean of the 30-year period from 1951–1980 for specific
locations and times. The choice of this base period does not affect the calculation of anomalies [60].
Since the GISS/NASA zones are defined with respect to certain ranges of latitude, we first assigned
the sample countries to these zones. Second, we used the annual mean temperature anomaly in
a particular year for a particular zone as that for each sample country. For the 38 larger countries that
fell into more than one zone, we used a weighted average for their latitudes and multiplied the weights
by the annual mean temperature anomalies for their corresponding zones.

2.4. Methodology

Model (1)

There are limitations in the reduced-form models of empirical analyses of the EKC. Our main
focus is that, a reduced-form relationship between environment and income reflects correlation
not causality [62]. We expect to see the environmental quality feeding back to income. Therefore,
we introduce the simultaneity bias in our model as a recent strand of research that looks into linkages
between economic growth and CO2 emissions. Increases in economic activity, GDP, and GDP per
capita may increase agricultural emissions [9], which in turn harms people’s health, possibly resulting
in a decrease in economic activities as well as government interventions such as for health issue
subsidies. Controlling for those countries which are agriculturally more intense than others is also
essential, and thus we added AgGDP to the model.
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Before examining the causal behavior, we start our analysis by checking whether a cointegrating
vector is present. If not, our inferences would be misleading, as time series non-stationary variables can
lead to spurious regressions. Thus, we first examine the order of integration of time series properties
for agricultural emissions from nitrogen fertilizer use (AgEm) and economic and agricultural variables
as well as GDP per capita (GDPcap) and the agricultural sector share in GDP (AgGDP) in their log
forms, with correlogram q statistics. All variables present AR(1) processes and are stationary at first
differences. Second, we employ augmented Dickey Fuller (ADF) [63] and Im, Pesaran, Shin (IPS) [64]
to test the presence of stochastic non-stationary variables in the data, through the following model:

∆ ln Yit = αi + β ln Yit−1 +
ki

∑
j=1

δj∆ ln Yit−j + εit (3)

Next, we build multivariate models to investigate the short-and long-run linkages among
the variables. Applying the Johansen procedure [65], we test the presence and number of cointegrating
vectors. Regardless of the non-stationary aspect of the variables, the stationary linear combinations of
these variables may exist if two or more variables are cointegrated.

Using VECM, it is possible to examine the feedback process of agricultural emissions from
nitrogen fertilizer use, economic and agricultural activities, GDP per capita, and the agricultural share
in GDP. With VECM, we can also evaluate the adjustment speed of short-run deviations towards
a long-run equilibrium path.

VECM is a restricted Vector Autoregression (VAR) that allows for the existence of a long-run
relationship among the variables, all of which are in the system in differenced form and endogenous in
a VECM. Our hypothesis is that agricultural emissions resulting from nitrogen fertilizer consumption
and GDPcap/GDPcap2 are linked with a positive and negative coefficient, respectively, supporting
the EKC [9]. We also expect to see the agricultural share in GDP positively and significantly affecting
agricultural emissions.

Four model variables (in log terms) enter into the VECM separately, in order to manage
the endogeneity problem. The left-side variable Y1 represents AgEm as the natural log of agricultural
emissions, resulting from nitrogen fertilizer use and corresponding with model 1; Y2 and Y3 represent
the natural log of GDPcap and GDPcap2, respectively; and Y4 represents AgGDP as the natural log of
the agricultural share in GDP.

∆(Yx)it = αi +
k1
∑

j=1
δ1j∆AgEmit−j+

k2
∑

j=1
δ2j∆GDPcapit−j +

k3
∑

j=1
δ3j∆GDPcap2

it−j

+
k4
∑

j=1
δ4j∆AgGDPit−j + θECTit−1 + εit−j

(4)

The first difference operator, country, year, the order of lag of first difference of variables, and
the serially uncorrelated random error terms are denoted by ∆, i, t, k, and ε, respectively. In addition to
the ECT (error correction term), each equation contains the lags of explanatory variables and a random
error term (which explains the dependent variable).

Model (2)

Following our main analysis, we added the land annual mean temperature anomalies, stated as
WA, to our model to understand the effects of climate change on agricultural emissions. We followed
the same procedure for the anomaly indicator; hence after checking for non-stationary properties,
we added a particular variable into our VECM. We presumed that a climate anomaly variable is
also endogenous to the system. Therefore, the VECM contains five model variables (in log terms).
Equation 5 below is the same as Equation 4 above, adding only Y5 to equation (3) to represent WA
as the natural log of anomaly corresponding in model (5). Similar to model (4) we expect to see
GDPcap/GDPcap2 with a positive and negative coefficient, respectively, supporting the EKC, and both
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the agricultural share in GDP and climate-temperature anomaly (WA) affecting agricultural emissions
positively and significantly.

∆(Yx)it = αi +
k1
∑

j=1
δ1j∆AgEmit−j+

k2
∑

j=1
δ2j∆GDPcapit−j +

k3
∑

j=1
δ3j∆GDPcap2

it−j

+
k4
∑

j=1
δ4j∆AgGDPit−j +

k5
∑

j=1
δ5j∆WAit−j + θECTit−1 + εit−j

(5)

Long-run causality among variables exists with a statistically significant coefficient of the ECT,
which also gives a measure of the average speed at which the long-run equilibrium in the dependent
variable is being corrected in each short period, that is, the disequilibrium eliminated within a year.
The joint chi-square statistical significance of the estimates of first differenced lagged independent
variables verifies the short-run causality.

3. Empirical Results

According to the unit root test results, for both the individual effect alone and the individual effect
coupled with the linear trend, the null hypothesis of having unit root is not rejected neither by the IPS
level analysis nor by the ADF tests. After first differencing, however, we reject the null hypothesis of
unit root, suggesting both GDP per capita and agricultural share in GDP are integrated by order one,
I(1). The results of the unit root tests are reported in Table 1.

Table 1. Unit Root test results.

Before Differencing After First Differencing

Individual Effects Individual Effects Individual Effects Individual Effects
No Linear Trends with Linear Trends No Linear Trends with Linear Trends
IPS ADF IPS ADF IPS ADF IPS ADF

ln AgEm 0.836 0.318 0.244 0.005 0.000 0.000 0.000 0.000
ln GDPcap 0.998 0.954 0.999 1.000 0.000 0.000 0.003 0.000
ln GDPcap2 0.997 0.981 0.999 1.000 0.000 0.000 0.006 0.000
ln AgGDP 0.350 0.254 0.894 0.906 0.000 0.000 0.002 0.000

ln WA 0.000 0.000 0.332 0.250 0.000 0.000 0.000 0.001

We use both the trace and max-eigenvalue tests to indicate the existence of cointegrating vectors
for models (4) and (5). Table 2 reports the Johansen multivariate cointegration statistics. The results
support the presence of two cointegrating equations at the one percent significance level for model (4),
confirming the long-run relationship among agricultural emissions, economic growth, and agricultural
share. Similar results occur for model (5), supporting the presence of three cointegrating equations
at the one percent significance level, corroborating the long-run relationship among agricultural
emissions, economic growth, agricultural shares, and anomalies.

Table 2. Johansen cointegration test results.

NO. of Cointegrating
Equations

Model (4) Model (5)

Trace Statistics Max Eigenvalue Trace Statistics Max Eigenvalue

R = 0 168.22 * 113.34 * 300.13 * 139.53 *
R ≤ 1 54.87 * 44.99 * 160.60 * 106.43 *
R ≤ 2 9.89 6.87 54.17 * 45.19 *
R ≤ 3 3.01 3.01 8.98 6.69

Note: * denotes rejection of the hypothesis (of no cointegration) at the 0.05 significance level.
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When looking at the direction of these relationships by running Granger causality tests, we
see that almost all indicators cause each other, with the exception that while anomalies, squared
GDP per capita, and agricultural shares are shown to cause agricultural emissions (resulting from
nitrogen fertilizer), agricultural emissions do not appear to cause anomalies, squared GDP per capita,
or agricultural shares. Figure 7 presents the direction of significant causalities in the long-run.
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After investigating the long-run dynamics among these variables and the direction of these
relationships, we also checked the adjustment parameter ECT values that we obtained from the VECM
results. ECT values measure the corresponding speed of adjustment in the variable with respect to
the past deviation of the level variable from its equilibrium. We present the ECT results in the first row
of Table 3. As seen from the t-statistics of ECT, the adjustment parameter is statistically significant,
confirming that long-run causality among variables exists; the coefficient, however, is zero. In other
words, disequilibrium in the agricultural emissions is not eliminated within a year. How long it would
take for an adjustment from deviation towards the equilibrium is unclear. Therefore, we continue
our analysis with short-run effects to understand the relationship between agricultural emissions and
economic growth. Rows 2–5 in Table 3 below, presents the VECM results, that is, the short-run causal
relationship among the variables of interest.

Table 3. VECM results—Short-run analysis.

Dependent Var: AgEm
Model (4) Model (5)

Coefficient t-Stat Prob Coefficient t-Stat Prob

ECT 0.001 5.05 0.000 0.000 3.88 0.000
GDPcap (−1) 0.598 2.12 0.034 0.904 3.36 0.001
GDPcap2 (−1) −0.034 −2.00 0.045 −0.051 −3.05 0.002
AgGDP (−1) 0.041 1.94 0.053 0.044 4.03 0.000

WA (−1) 0.011 4.07 0.000

According to the results agricultural emissions from nitrogen fertilizer use is caused by GDP
per capita, suggesting first an increase in agricultural emissions as income increases, then a decrease
in agricultural emissions after reaching a certain level of income. We control for agricultural shares
when investigating the EKC. The results indicate a positive significant effect from agricultural shares.
As expected, an increase in agricultural shares in GDP increases agricultural activities, and thus
agricultural emissions.
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In the second model, when we add the anomaly indicator to the system, we see that the results do
not change much, suggesting the stability of the model, like agricultural shares, anomalies are also
significant and positive, suggesting that extreme temperatures have a positive effect on agricultural
emissions. Figure 8 presents the directions of the short-run causalities. We also calculate the turning
points of the agricultural emissions depending on the level of income. The turning point of the first
model is calculated as 6595.33USD (exp (−0.5 (0.598/−0.034)), suggesting that after this level of GDP
per capita, agricultural emissions may start to decrease. As expected, the turning point is slightly
higher for the second model, at 7,063.85 USD (exp (−0.5 (0.904/−0.051)).
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4. Discussion and Conclusions

To secure enough food for the growing world population, nitrogen fertilizers are indispensable
inputs to crop production. As anthropogenic GHG emissions are responsible for climate change,
the latter, in turn, has an impact on all natural systems, including humans. On one hand, agricultural
activities cause environmental damage; on the other, they can play an important role in reversing
environmental problems by the use of carbon sink, enhancing the infiltration of water, and preserving
rural landscapes and biodiversity [39]. These positive effects can be achieved by using sustainable
production methods. Therefore, researchers must understand the economic impact resulting from
the human alteration of the nitrogen cycle.

It is important to study fully the link between climate change and the consumption of nitrogen
fertilizer, which this study has done by econometrically analyzing panel data from 145 countries over
a nine-year period from 2002 to 2010. The study captures economic and agricultural activities as well as
agricultural emissions from these activities and temperature anomalies in this causal relationship. Both
the long-run and the short-run relationships between these variables are studied. The results show
that there is a statistically significant long-run causality among these variables. It is a unidirectional
causality that runs from temperature anomalies, squared GDP per capita, and agricultural share to
agricultural emissions resulting from nitrogen fertilizer. Agricultural emissions do not cause these
variables. Although the results of the study show that agricultural emissions from the use of nitrogen
fertilizers do not cause temperature anomalies, this does not mean that there is no feedback loop from
agricultural emissions to climate.

The results also indicate that any disequilibrium taking place in agricultural emissions is not
eliminated within a year. How long it would take for an adjustment from deviations towards
equilibrium is unclear. Therefore, the results emphasize the challenge in managing agricultural
emissions in the presence of temperature anomalies. The temperature anomalies are a main indicator
of climate change [60,61,66]. Thus, agricultural practices under global climate change should involve
not only technical solutions, but also adoptive approaches regarding the use of nitrogen fertilizer by
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farmers: responsive but cautious regulations of its use and economic schemes to stabilize the system.
Farm-level adaptations, including changes in planting data, variety and crop, and applications of
irrigation and fertilizer, are specifically presented in the literature in discussing the impact of global
climate change on food supply [67,68]. The farmers’ efforts and activities might include, as suggested in
studies by Scott [68]: soil and plant testing; minimized fallow periods; optimized split applications; and
better fertilizer technology (such as nitrification inhibitors, time release, advanced delivery, advanced
cultivars, and improved productivity of plants).

Furthermore, as part of the policies or as an alternative approach to current agricultural practices,
the premise of organic farming in curbing GHG emissions and in improving environmental quality
and ecosystem services needs to be investigated. As eco-efficiency is certainly an important measure
to be used in the mitigation of climate change in the agriculture sector, the promises of organic
farming practices still need to be investigated in regard to their roles in climate-friendly agriculture.
Skinner et al. [69] provide scientific evidence that concerning nitrous oxide emissions, there is
a discrepancy observed between organically- and conventionally- managed soils. Their meta-analysis
finds that the nitrous oxide emissions resulting from organically managed soils when scaled to the area
of cultivated land are lower than when crop yield-scaled. The discrepancy is due to 26 percent less
crop yield under organic management; thus, to equalize the nitrous oxide emissions per yield, there
needs to be a 9 percent increase in crop yield in organic systems.

The results for the short-run lead us to a conclusion that as the incomes of countries increase,
agricultural emissions decline. In a similar vein as has been shown in EKC studies [9], the effective use
of nitrogen fertilizers as well as other associated agricultural practices can be achieved as countries
reach a certain level of income per capita, approximately 7000 USD in this study. The similar results
are obtained for 31 provincial economies in mainland China where the inverted U shaped EKC with
a turning point of 10000–13000 CNY, for synthetic nitrogen indicator [7]. Management of externalities
and environmental-friendly practices in agriculture requires resources that are possible within certain
level of income. In addition, the results from the study indicate that when structures of economies
shift to the agricultural sector, the use of nitrogen fertilizers, and thus emissions, also increases.

The results further indicate that temperature anomalies increase emissions from nitrogen
fertilizers. This could be due to the fact that the potential negative effects of these anomalies are
mitigated by farmers through changes in crop-production inputs (e.g., seeds, fertilizer, pesticides, and
labor) as found in a Chinese field survey [8] and in the work by Mendelsohn [3]. As the global climate
changes, temperature anomalies will be observed more frequently in certain parts of the world. This
may lead to excessive and inefficient use of nitrogen fertilizers by farmers. Thus, economic, national,
and global incentives should be aligned. To improve fertilizer use by farmers, economic incentives
such as agricultural insurance can be introduced.

It is important to understand at the macro level what factors have been historically important
in affecting emissions from nitrogen fertilizer use in the agricultural sector in the presence of
temperature anomalies resulting from climate change. Temperature anomalies could result in great
losses in the agricultural sector. This study aims to reveal some of the information available when
reviewing historical data. However, this was done under data limitations, i.e., agricultural emission
data was available only for nine years, which in turn limited the use of other climate indicators.
Moreover, the other important variables at the regional and local level, the agronomic data such as
soil temperature, soil moisture and clouds, were not available at the global level [9,58]. Aggregating
the regional and local agronomic data at a global level, and also making them available on a global
level, is in itself a large project requiring significant resources. Further, current FAO statistics do
not include agronomic data on a global scale [44]. Creating such data would require collaboration
across nations with intergovernmental agencies. Therefore, creating an aggregate agronomic data set
is beyond the scope and aim of this study.

However, this study checks for the robustness of its results when such agronomic variables are
missing. One example of this “check” is the use of arable land data, that is, temporary agricultural
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crops, meadows, markets, kitchen gardens, and fallow. Arable land data can represent land use across
countries at a more refined level. Some agronomic variables such as soil moisture and temperature can
determine, at least implicitly, the allocation of land across different usages, and thus the size of arable
land in countries. The models were run by including arable land variables in addition to the existing
model variables. The actual data available is one of the challenging issues in this line of research.
As more data becomes available, in future studies it will be possible to integrate agronomic data and
climate indicators with economic data to study the interaction among the three.

There are other possible studies that could be conducted on regional, local and meso scales, by
incorporating the drivers of nitrous oxide emissions based on agronomic characteristics such as crop
and soil type, precipitation, and cropping systems. Much of the agronomic and social science literature
incorporates these variables. Porter, J. R. et al. [52] state that as the field of climate detection and
attribution advances to finer spatial and temporal scales, and as agricultural modeling studies expand
to broader scales (from local and regional to global), there will be more opportunities for linking
climate and crop studies. Therefore, this study adds a new piece to existing literature in its effort to
analyze fertilizer use, economics growth, and agricultural emissions on a global level.
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