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Abstract: The present study investigates the relationship between nitrous oxide emissions and
economic growth using the ARDL bounds testing approach in Canada over the period of 1970–2020.
The agricultural land use and exports are included in the estimated models as additional control
variables. The empirical findings confirmed the environmental Kuznets curve hypothesis when
total N2O emissions are used as a dependent variable in the case of Canada, and similar results are
found when we used agricultural induced N2O emissions as a dependent variable. The results also
indicate that Canada is already in the decreasing segment of the Kuznets curve, and the turning
point of GDP per capita for the total N2O emissions is $41,718, while for agricultural induced N2O
emissions, it is $38,825. Our empirical evidence confirms that agricultural land use had a positive
and significant effect on total N2O emissions, while a negative but insignificant effect in the case
of agricultural induced N2O emissions. However, Canadian exports are negatively associated with
total N2O emissions as well as agricultural induced N2O emissions, but it requires more stringent
laws to curb N2O emissions-oriented exports to keep the ecosystem in balance in the short-run and
intends to meet its long-term target of reducing emissions as it progresses towards Canada’s 2050
net-zero ambition.

Keywords: N2O emissions; agriculture; economic growth; environmental Kuznets curve

1. Introduction

In a short span of time, to grow rapidly has been a strong desire of all the countries,
and this ambitious desire has helped the world economy to triple in the time span of only
forty years [1], yet it has brought the sustainability of natural resources into question by
emitting large amounts of greenhouse gases (GHGs) that have led to climatic variation.
Climate change, the top-ranked problem stated by a scientist [2], is a consequence of human
activities [3,4]. Currently, human survival is highly vulnerable to global warming [5],
and this threat is strengthening with every passing day. On average, the anthropogenic
emissions have seen annual growth of 1.3% and 2.2% from 1970 to 2000 and 2000 to 2010,
respectively. The projected surface temperature would increase under all the assessed
emissions scenarios for the 21st century [3]. This rising temperature may affect different
aspects of the economy such as agriculture and forest productivity, marine life, recreational
activities, and human health [6]. The close link between economic activities and pollution
level deserves investigation to identify policies that could minimize GHGs emissions while
sustaining economic growth. Furthermore, to mitigate global warming effects, political

Sustainability 2022, 14, 8806. https://doi.org/10.3390/su14148806 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14148806
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-9936-4231
https://orcid.org/0000-0002-3313-1838
https://doi.org/10.3390/su14148806
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14148806?type=check_update&version=1


Sustainability 2022, 14, 8806 2 of 23

and environmental interests are growing as the challenge is to generate economic growth
without sacrificing the quality of life of future generations.

GHGs are not equal in the context of their impact on the atmosphere, as each has a
unique heat-trapping potential and average atmospheric lifetime (see Table 1). Though
nitrous oxide (N2O) emissions have a small share in GHGs (6%), its importance is immense
since it is one of the most hazardous gases present in the ambient atmosphere [7], has an
equivalent mass basis [8], can reside for a longer time in the ambient atmosphere, and has
300 times greater warming potential than CO2 [9]. It has been responsible for stratospheric
ozone destruction and global warming [10,11]. Fossil fuel combustion and agricultural
activities are two primary sources of N2O emissions [12,13]. Anthropogenic sources emit
about 70% of N2O emissions [14]. By using nitrogen-induced fertilizers and cultivating
nitrogen-fixing crops, human actions have substantially hampered the cycling process of
nitrogen [8]. The estimates show that by 2100, the total N2O emissions from chemical
fertilizers used in production will reach 4.2 Tg N y-1 [15,16].

Table 1. GHGs and global warming potentials (GWPs) greenhouse gas 100-year GWP.

Greenhouse Gas Global Warming Impact Estimated Atmospheric Life in Years

Carbon Dioxide (CO2) 1 30–95
Methane (CH4) 25 12

Nitrous oxide (N2O) 310 114
Sulphur hexafluoride (SF6) 22,800 3200

Hydrofluorocarbons (HFCs), 13 species Ranges from 92 to 14,800 12
Perfluorocarbons (PFCs), 7 species Ranges from 7390 to 12,200

Source: The United States Environmental Protection Agency, IPCC Report, 2014, p. 7. Available
online: https://www.canada.ca/en/environment-climate-change/services/climate-change/greenhouse-gas-
emissions/quantification-guidance/global-warming-potentials.html (accessed on 20 August 2021).

Resultantly, 66% of global N2O emissions originate from the soil process [17]. Fur-
thermore, the concentration of various nitrogen oxides including N2O beyond a certain
level causes harmful diseases and damages lung tissues [18]. Projections reveal that due
to N fertilizers, agriculture’s share in build-up of global N2O emissions will increase by
90% by 2026 [19]. The emissions from cultivated agricultural land could be doubled if an
account is taken of dissolved N2O in drainage and aquifer waters coming out of agricultural
watersheds [20]. Therefore, it remains vital to understand what factors contribute to N2O
emissions and how their levels can possibly be reduced to a minimum level by framing
policies in the context of sustainable human activities.

In the last few decades, voluminous research has been devoted to investigate the envi-
ronmental Kuznets curve (EKC) hypothesis on groups of countries, individuals’ countries
using different pollution indicators and time periods as indicated by various studies such
as Husnain et al. [21], Kijima et al. [22] and Carson [23]. Understandably, a substantial
number of studies, especially empirical studies, analyzed the CO2 emissions as they are
significant contributors to global warming [24–34] and constitute 82% of the total GHGs
emissions with a close association to economic, social, and industrial factors [35]. Khalil and
Rasmussen [36] estimate that N2O concentration in the atmosphere is increasing at the rate
of 0.27± 0.01% yr-1. Furthermore, the international community is seriously concerned with
minimizing CO2 emissions. However, CO2 emissions in a country only represent one GHG,
and to have a comprehensive understanding of how a country affects the environment,
other gases like methane and N2O should be taken into account [37].

Though CO2 is the “face” of the GHGs, N2O has its own severe demerits. There are
few studies on EKC that analyzed the relationship between N2O emissions and economic
growth [38], therefore, with respect to policy formulation, little had been done due to
the lack of systematic and comprehensive studies on this issue. Apart from its immense
importance in the greenhouse gas effect, economic growth is also a very crucial part
of formulating the environmental and energy policy. The vast literature in this regard

https://www.canada.ca/en/environment-climate-change/services/climate-change/greenhouse-gas-emissions/quantification-guidance/global-warming-potentials.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/greenhouse-gas-emissions/quantification-guidance/global-warming-potentials.html
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experienced a caveat that the studies conducted on EKC, especially N2O emissions used
as a pollution indicator, have not used additional control variables, particularly land use
and exports in the model in Canada. This research is one of the first few attempts that
investigate EKC in the case of N2O emissions in Canada. Canada has relatively high
levels of N2O emissions and is ranked 16th out of 17 peer economies. Per capita nitrous
oxide emissions in Canada were five times the emissions of Switzerland in 2009. More
importantly, N2O is the main GHG emitted from the cropping system and constitutes half
of the GHG emission from agriculture. Consequently, analyzing the role of N2O emissions
in the context of Canada is critically important.

The present study contributes to the literature on EKC in respect of N2O emissions
in several ways: (a) this is the first-ever study conducted on Canada that explores the
joint nexus between N2O emissions, economic growth, land use, and exports. Studies on
N2O emissions from agriculture are fraught since uncertainty prevails about the actual
contribution of agricultural practices to N2O in the atmosphere. To meet environmental-
related targets set in the Kyoto Protocol, countries need to pay attention to N2O; (b) we use
two closely related control variables, i.e., land use and exports, which make the analysis
more insightful, particularly from a policy perspective; and (c) based on the findings of this
research, we have suggested ways to optimize energy mixing in Canada.

Canadian Economy

Canada, by total area, is the second-largest country, and by land area, it is the fourth
largest country in the world [39]. It is the seventh-largest economy in the world that has
transformed from an agriculture-based economy to an urban economy with a major share
of GDP coming from the services sector. According to the 2019 index, it is the 8th freest
economy in the world, with a freedom score of 77.7. It is a modernized developed economy
with a high level of well-being. A high-level of well-being has been achieved based on
rapid GDP growth since 2009, except for a sharp decrease in 2020 due to the COVID-19
pandemic that hit hard all around the world (see Figure 1).

Figure 1. GDP per capita in Canada (constant at local currency units).

Economic growth brings some negative implications in addition to positive effects.
Canada is no exception. GHGs emissions increased because of growth in the economy.
Approximately, the agriculture sector emits 55–65% of total global N2O emissions [16,40].
Duxbury et al. [41] stated that out of total agriculture-induced GHG emissions, N2O is the
highest contributor, with its share of 92 percent followed by methane (65%), while the share
of carbon dioxide is only one-fourth of the total emissions. Though per capita total N2O
emissions fell by 34% in Canada from 1990 and 2009, its progress was ranked below 12 of
the 17 peer countries (see Figure 2).
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Figure 2. N2O emissions and agriculturally induced N2O emissions per capita (right axis) in Canada.

Despite a decrease in total N2O emissions per capita (thousand metric ton of CO2
equivalent), the agricultural induced N2O emissions are showing a gradual upward trend.
N2O emissions from agriculture in Canada are higher than other gases. In 2009, share
of agriculture in total GHGs emissions was roughly eight percent, of which one-third
came from N2O. To mitigate the challenges of food and energy security, emissions from
agriculture are expected to increase in the future. Under an international agreement, all
major GHG emitter countries including Canada recognize the importance of the agriculture
sector and believe that agriculture-induced emissions can be reduced by improving the
efficiency of the sector.

The use of fertilizers in agriculture is to boost production results in GHGs. Since 1961,
use of nitrogen has increased ten-fold. The agriculture sector was revolutionized by nitro-
gen fertilizers at the beginning of the 20th century. It resulted in greater food production,
but produced large amounts of N2O emissions. However, despite its severe consequences
for the environment, use of nitrogen fertilizer is rising in the world (Figure 3) which is taken
from Drescher et.al [42]. The results of the calculations for the total fertilizer consumption
in 2050 based on the formula of T&L [43] show that because cereal production is projected
to increase, the global demand for fertilizer nutrients will also increase. According to
T&L [43], global demand for fertilizer was 188 million Mt in 2015, and it is expected to
reach about 223 million Mt in 2030 and 324 million Mt in 2050. Agriculture is responsible
for emissions of all three GHGs: CO2, methane (CH4), and N2O. How different sources
from agriculture contribute to GHGs in Canada excluding CO2 can be seen in Figure 4. It is
evident that N2O is the second-highest gas emitted from agriculture after methane.

Land use patterns and conversion of forest to arable lands have changed across the
world over the last few decades in the context of achieving a high level of economic
growth. By modifying land emission, changes in land-use practices influence nitrogen
oxide concentration in the atmosphere [15]. Currently, agriculture and land-use change
are responsible for about one-third of global emissions. Projections show no immediate
slowing down of emissions from agriculture and land-use change (deforestation). Per
capita agricultural land use (hectare) is on a continuous decline since 1970 (Figure 5).
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Figure 3. World total fertilizer consumption (million Mt). Data sources [42–44], calculations based on
T&L [44] formula).

Figure 4. Relative size of agriculture induced GHGs emissions. Note: Sources of greenhouse gas
emissions from Canadian agriculture excluding CO2 emissions associated with energy use. The size
of the arrow indicates the relative magnitude of the emission or amount sequestered. Available online:
https://www.agr.gc.ca/eng/agriculture-and-agri-food-canada/?id=1395690825741 (accessed on
19 December 2020).

Figure 5. Agriculture land use per capita in Canada.

https://www.agr.gc.ca/eng/agriculture-and-agri-food-canada/?id=1395690825741
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Exports are a key to economic growth, and Canada’s exports were at a peak in 2001
and then started gradually decreasing. However, since 2010, exports have been gaining
momentum, but again start decreasing since 2018 (Figure 6).

Figure 6. Exports as a percentage of GDP in Canada.

2. Literature Review

Testing the EKC has been a fascinating topic for researchers over the last three decades.
The first to test this hypothesis include Grossman and Krueger [45], Shafik and Bandyopad-
hyay [46], and Panayotou [47]. The studies on EKC use different measures of environmental
state while relating it to economic growth. In addition, this hypothesis has been explored by
using various estimation methodologies and data time periods for different countries and
regions (for detail, see Husnain et al. [21]). For instance, the inverted U-shaped relationship
found between economic growth and different measures of pollution indicators using a
random-effects model as indicated by Grossman and Krueger [45]. With the help of a set
of panel regression models, Shafik and Bandyopadhyay [46] examined the link between
10 measures of pollution and income and found mixed results. While a study conducted by
Panayotou [47] reported an inverted U-shaped relationship between pollution and income
using cross-section data of 68 countries. Similar studies conducted on the EKC hypothesis
by a group of countries and a single country can be found in Table 2.

Table 2. A summary review of studies validating/invalidating the EKC hypothesis.

Reference Location Time Frame Methodology Variables Used Conclusions

Acaravci and Ozturk [48] 19 European
countries 1960–2005 ARDL CO2 emissions,

energy use, GDP
EKC hypothesis not

confirmed

Ahmad and Long [49] Pakistan 1971–2008 ARDL
CO2 emissions,

energy use, GDP,
trade

EKC hypothesis
confirmed

Shahbaz et al. [24] Pakistan 1971–2009 Cointegration,
Granger causality

CO2 emissions, GDP,
trade

EKC hypothesis
confirmed

Cho et al. [50] 22 OECD countries 1971–2000 FMOLS GHGs, GDP, Energy
use

EKC hypothesis
confirmed

Apergis and Ozturk [51] 14 Asian countries 1990–2011 GMM CO2 emissions, GDP,
Land

EKC hypothesis
confirmed
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Table 2. Cont.

Reference Location Time Frame Methodology Variables Used Conclusions

Alam et al. [52] Brazil, China, India,
Indonesia 1970–2012 ARDL CO2 emissions, GDP,

energy consumption Mixed findings

Shahbaz et al. [26] Next 11 countries 1972–2013 Time varying
Granger causality

CO2 emissions, GDP,
energy consumption Mixed findings

Rafindadi [53] Japan 1961–2012 ARDL Energy use, CO2
emissions, GDP

EKC hypothesis
confirmed

Apergis et al. [54] 48 states of USA 1960–2010 Common correlated
effects CO2 emissions, GDP Mixed findings

Balsalobre-Lorente et al. [55] EU-5 countries 1985–2016 Panel least square CO2 emissions, GDP,
trade, electricity

EKC hypothesis not
confirmed

Barra and Zotti [56] 120 countries 2000–2009 GMM CO2 emissions, per
capita GDP

EKC hypothesis
confirmed

Sinha and Shahbaz [7] India 1971–2015 ARDL CO2 emission,
GDP, trade

EKC hypothesis
confirmed

Shahbaz et al. [33] 86 countries 1970–2015 Cross-correlation Globalization, energy
use, GDP Mixed findings

Liu et al. [57] Chinees provinces 1996–2015 Fixed effect CO2 emissions, GDP,
FDI, trade

EKC hypothesis
confirmed

Aydin et al. [58] 26 countries of the
EU 1990–2013 PSTR Ecological footprint,

GDP Mixed findings

Shahbaz et al. [59] Sweden 1850–2008 MARS CO2 emission, GDP EKC hypothesis
confirmed

Haider et al. [60] 33 countries 1980–2012 PMG N2O emissions, GDP,
exports, land use

EKC hypothesis
confirmed

Ng et al. [61] 76 countries 1971–2014 CCEMG, AMG, PMG CO2 emissions, GDP,
energy consumption Mixed findings

Mania [62] 98 countries 1995–2013 GMM, PMG CO2 emissions, GDP,
export diversification

Augmented EKC
hypothesis confirmed

Destek et al. [63] G-7 countries 1800–2010 Bootstrap-rolling
window CO2 emissions, GDP Mixed findings

Shahbaz et al. [34] China 1980–2018 Nonparametric
Cointegration test

Energy consumption,
GDP Mixed findings

Haider et al. [64] Pakistan 1971–2012 ARDL Agricultural land use,
N2O emissions

N shaped ECK
confirmed

Tenaw and Beyene [65] SSA countries 1990–2015 CCE-PMG
Economic Growth,

Environmental
Quality

A modified EKC

While studying EKC, most of the empirical studies usually take CO2 emissions for the
environmental degradation [27–32], which is not surprising as CO2 constitutes 82% of total
GHGs emissions. Studies also focused on N2O emissions in verifying the EKC hypothesis,
but their number is very small. An empirical study conducted by Zambrano-Monserrate
and Fernandez [66] confirmed the EKC hypothesis in the case of Germany using the N2O
emissions as a pollution indicator by the ARDL method. The agricultural land use and
exports as the additional explanatory variables were included in the estimated model. Using
data from 39 countries, Fujii and Managi [67] found an EKC relationship for CO2 emissions
and an N-shaped relationship for nitrogen oxide and methane. The unidirectional causality
was detected by Menyah and Wolde-Rufael [68], running from environmental pollutants
to economic growth without any feedback. Employing data from nineteen European
countries for the period 1960–2005, Acaravci and Ozturk [48] reported mixed results. The
unidirectional, bidirectional, and neutrality results were found for these countries. The
study by Soytas et al. [69] establishes that energy consumption Granger causes income,
but income does not cause Granger energy consumption. Zafeiriou et al. [70] use ARDL
method to examine the relationship between economic performance and agriculturally
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induced carbon emissions in Hungry, the Czech Republic and Bulgaria. Their findings show
the existence of the long-run EKC for the case of the Czech Republic and Bulgaria, while in
the short-run, the EKC is only validated for the case of the Czech Republic. By applying
conventional and GMM estimator on a single country regional panel dataset, Coderoni
and Esposti [71] investigate the long-run relationship between productivity growth and
agricultural greenhouse gases and found no evidence for the presence of the EKC across
the different specifications.

The EKC is a standard framework to analyze the major global concern, i.e., the re-
lationship between environment and economic growth. The EKC is based on the idea
“grow first and clean up later” argument. Therefore, with the help of the EKC frame-
work, we test the environmental-growth nexus for the case of Canada by constructing the
following hypotheses.

H1: Is economic growth associated with N2O emissions?

H2: Is economic growth related to agriculture-induced N2O emissions?

H3: Is there any relationship between agriculture land use and N2O emissions and agriculture
induced N2O emissions?

H4: Are exports linked with N2O emissions and agriculture induced N2O emissions?

3. Data and Methodology

To establish the nature of the relationship between N2O emissions and economic
growth, two separate models are estimated: the first with total N2O emissions and the
second with agriculturally induced N2O emissions taken as a dependent variable. All
data is collected from the World Development Indicators (WDI) 2022 except for total N2O
emissions and agricultural induced N2O emissions because limited data is available for
the agriculturally induced N2O emissions in WDI. To update the data for N2O emissions,
we used the Environment and Climate Change Canada dataset for 1990–2020 to make it
consistent with WDI data that is available from 1970–2012. The following two separate mod-
els are used to test the validity of the EKC, which is represented by Equations (1) and (2)
as follows:

Model-1 N2O = f(GDP, GDP2, ALU, EXP) (1)

Model-2 N2OA = f(GDP, GDP2, ALU, EXP) (2)

where N2O and N2OA represent the total nitrous oxide emissions and agricultural induced
nitrous oxide emissions, respectively, which is measured in thousands of metric tons of
CO2 per capita. While the GDP is gross domestic product at constant 2000 USD prices,
which is also measured in terms of per capita and similarly GDP square term. Agricultural
land use (ALU) is taken in per capita and is the share of land area that is arable, under
permanent pasture and crop as defined by the WDI (2019). While the Exports (EXP) of
goods and services are measured as a percent of GDP.

In the context of the present analysis, it is paramount important to include some control
variables to overcome the problem of the misspecification bias. Based on the empirical liter-
ature and evidence from the recent studies, agricultural land use and exports are selected
for the analysis as discussed by the study of Zambrano-Monserrate and Fernandez [66].
Conversions of land use into and out of agriculture can impact atmosphere [72] and land
use associated activities form 25–45% of anthropogenic emissions [73]. Furthermore, agri-
cultural soils lead to N2O emissions [74]. Like agriculture land use, exports may influence
N2O emissions. According to Kearsley and Riddel [75], exports may not be associated with
N2O emissions, but can be linked with EKC in the context of a Pollution Heaven Hypothesis
(PHH) such as Cole [76], which states that pollution occurs in developing countries due
to lax environmental regulations. For economic growth, we used the per capita income
as it was used by many previous studies [25–27]. To obtain more efficient results, we first
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transform the model into a natural log form as according to Shahbaz et al. [24], which
also helps to induce stationarity. The econometrics models used for the estimations are
expressed by Equations (3) and (4) for both models:

lnN2Ot = β0 + β1lnGDPt + β2lnGDP2
t + β3lnALUt + β4lnEXPt + εt (3)

lnN2OAt = β0 + β1lnGDPt + β2lnGDP2
t + β3lnALUt + β4lnEXPt + εt (4)

where β1, β2, β3, and β4 are the estimated coefficients for all the independent variables that
correspond to the elasticity estimates as the functional form is logarithmic for both models.

Estimation Strategy

Time series variables are prone to having characteristics of non-stationarity which, if
they exist, may lead to spurious results. Therefore, it is mandatory to check the order of
the integration, apply the unit root test before making further analysis. To test the order of
the integration, a series of unit root tests are available in the literature such as Augmented
Dicky Fuller (ADF), Philips Perron (PP), etc., which are called first-generation tests and
are unreliable when there is a structural break in the data. Then it is better to apply any
second-generation unit root tests such as those developed by Zivot and Andrews [77],
which is applicable in the presence of any structural break in the time series data. For the
present study, to test the stationarity properties of the time series variables, we applied a
structural break unit test developed by Zivot and Andrews [77], which is more reliable
than the first-generation tests.

After identifying the order of the integration, we apply the ARDL bounds testing
approach to cointegration as follows the work by Pesaran et al. [78]. The ARDL method
is the most popular for testing the long-run relationship between variables [78] because
it addresses the problems faced by other methods such as Engle and Granger [79], and
Johansen and Juselius [80]. The ARDL bounds test is applied to the parameters validated
by a unit root test with structural breaks. This approach has many advantages [81]. First,
the ARDL method is appropriate when the selected variables are I (1) or I (0); in contrast,
the Johansen cointegration procedure demands that all variables be of the same order.
Second, it is an effective estimator in the presence of endogeneity, and it is also valid and
more efficient in case of small samples. Third, the ARDL method is flexible in terms of the
lag selection of variables. Finally, the ARDL method evaluates the long-run relationship
using a single reduced-form equation, in contrast to other cointegration methods that
require a system of equations. However, a disadvantage of the ARDL approach is that it
cannot be applied in the case of I (2) variables. The bounds test, an F-test, is applied on
Equations (3) and (4) to test cointegration under the null hypotheses given below:

H0: β1 = β2 = β3 = β4 = 0 Ha: At least one of the βi 6= 0.

We used the critical values developed by Narayan [82] as the critical values generated
by Pesaran et al. [78] are downward biased due to the small sample. After establishing the
cointegration relationship, the modified Equations (3) and (4) are estimated to capture the
long run and short-run dynamics by the Error Correction Model (ECM) as follows:

∆ ln N2Ot = β0 + β1lnGDPt + β2lnGDP2
t + β3lnALUt + β4lnEXPt

+
p
∑

i=1
γ1i∆lnN2Ot−i +

q
∑

j=0
γ2j∆lnGDPt−1

+
m
∑

k=0
γ3k∆lnGDP2

t−k +
z
∑

r=0
γ5r∆lnALUt−r

+
s
∑

w=0
γ6w∆lnExpt−w + θECTt−1 + εt
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Similarly, for Equation (4):

∆ ln N2OAt = β0 + β1lnGDPt + β2lnGDP2
t + β3lnALUt + β4lnEXPt

+
p
∑

i=1
γ1i∆lnN2OAt−i +

q
∑

j=0
γ2j∆lnGDPt−1

+
m
∑

k=0
γ3k∆lnGDP2

t−k +
z
∑

r=0
γ5r∆lnALUt−r

+
s
∑

w=0
γ6w∆lnExpt−w + θECTt−1 + εt

where βi, and γi are captured the long-run and short-run elasticities coefficients, respec-
tively. While the Error Correction Term (ECT) shows the speed of adjustment, which
indicates how quickly the variables (in the given model) converge to their equilibrium
in case of one-time shock in the model, its coefficient should be negative and statistically
significant with a magnitude less than or equal to one.

After estimating the long-run and short-run coefficients, it is important to find out
the tipping points that tell us whether the Canadian economy is on the decreasing or
increasing portion of EKC in both models. For this purpose, we take the first derivative
with respect to the GDP of estimated models and set it equal to zero, to get the threshold
level of income after which the N2O emissions will start to decrease or increase depending
on the relationship found as U-shaped or inverted U-shaped.

∂ ln N2Ot

∂lnGDPt
= β1

(
1

GDPt

)
+ 2β2 [lnGDPt]

(
1

GDPt

)
= 0

[lnGDPt] =
−β1
2β2

and GDPt= exp
(
−β1
2β2

)
After finding the threshold level of income per capita, we applied different diagnostic

tests to verify the estimated models and coefficients are efficient, and stable, such as for
stability, we apply the CUSUM and CUSUMSQ tests as developed by Brown et al. [83].
The next step is to check the direction of the variables, which means causation between the
variables. For this purpose, we used the Granger [84] causality tests under the Vector Error
Correction (VEC) representation, which is as follows:


∆lnN2 Ot
∆lnGDPt

∆lnGDP2
t

∆lnALUt
∆lnExpt

 =


µ1
µ2
µ3
µ4
µ5

+


γ11 γ12 γ13 γ14 γ15
γ21 γ22 γ23 γ24 γ25
γ31 γ32 γ33 γ34 γ35
γ41 γ42 γ43 γ44 γ45
γ51 γ52 γ53 γ54 γ55

×


∆lnN2 Ot−1
∆lnGDPt−1
∆lnGDP2

t−1
∆lnALUt−1
∆lnExpt−1

+

π1
π2
π3
π4
π5

ECTt−1 +


e1t
e2t
e3t
e4t
e5t


while the VECM model for Equation (4) is as follows:


∆lnN2 OAt
∆lnGDPt

∆lnGDP2
t

∆lnALUt
∆lnExpt

 =


µ1
µ2
µ3
µ4
µ5

+


γ11 γ12 γ13 γ14 γ15
γ21 γ22 γ23 γ24 γ25
γ31 γ32 γ33 γ34 γ35
γ41 γ42 γ43 γ44 γ45
γ51 γ52 γ53 γ54 γ55

×


∆lnN2 OAt−1
∆lnGDPt−1
∆lnGDP2

t−1
∆lnALUt−1
∆lnExpt−1

+

π1
π2
π3
π4
π5

ECTt−1 +


e1t
e2t
e3t
e4t
e5t


There are two types of Granger causality relationships (long-run as well as short-

run) that exist under the VEC representation. The long-run causality is determined by
the significance of the ECT coefficient using the t-test, while the short-run causality is
determined by the Wald test [25].
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4. Results and Discussion

To present data in a meaningful and summarized way is to provide descriptive
statistics. The detailed outlay of descriptive statistics is presented in Table 3. The minimum
(0.81) and maximum (2.29) values of N2O emissions per capita with a standard deviation
of (0.40) show relatively high variations in total N2O emissions per capita when compared
with agricultural induced N2O emissions per capita (min: 0.44; max: 0.66; SD: 0.05). Huge
variations in GDP per capita are evident from a large value of (SD: 10401), meaning a rapid
increase in the per capita GDP of Canada over the years. The behavior of the agricultural
land use variable is also volatile, with a standard deviation of (4.10) showing different
rates of deforestation in the country. Exports remained stable and sustainable with a small
standard deviation of (0.06).

Table 3. Descriptive statistics.

N2O N2OA GDP ALU Exports

Mean 1.26 0.58 40,964 21.70 0.30
Maximum 2.29 0.66 57,685 30.04 0.44
Minimum 0.81 0.44 24,628 15.54 0.21
Std. Dev 0.40 0.05 10,401 4.10 0.06

To detect structural breaks in the data, we employed the Zivot–Andrew structural
break unit root test, and the results are reported in Table 4. Zivot–Andrew has based on the
null hypothesis that all series are non-stationary in their levels except the agricultural land
use. Results show that structural break exists in N2OA emissions in the year 2011, while
ALU suffered a structural break in 2005.

Table 4. Zivot–Andrew structural break unit root test.

Variables
At Level At Ist Difference

T-Stat Time Break T-Stat Time Break

Ln N2Ot −3.631 1989 −8.535 * 1982

Ln N2OAt −3.424 2011 −8.229 * 1983

Ln GDPt −3.754 1996 −5.020 * 2019

Ln GDPt
2 −3.701 1996 −5.608 * 2019

Ln ALUt −5.557 * 2005 −6.079 * 2006

Ln Exportst −3.311 1991 −5.620 * 2000

1% critical value: −4.95

5% critical value: −4.44

10% critical value: −4.19
Note: * significant at 1% level of significance.

Table 5 shows the signs of parameters used in different models that determine the
nature of the relationship between the variables as described by Dinda [85]. The first model,
the simplest one, reveals that no specific trend exists between the variables. The second and
third models are linear monotonically increasing and decreasing, respectively. Models four
and five include quadratic terms and describe the nonlinear relationship. The relationship
in model four is U-shaped, as the quadratic term has a positive sign while the intercept
is negative. On the other hand, model five depicts an inverted U-shaped relationship as
the quadratic term becomes negative while the intercept assumes a positive value. To find
more than one bump or giggle cubic term is included in models six and seven. Both models
show an N-type relationship, but inverse to each other. In model six, the intercept and
quadratic terms are positive while the quadratic term has a value less than zero, meaning
an there is an N-type relationship between the variables. The intercept and cubic terms
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become negative while the quadratic term is negative in model seven, ensuring that the
nature of the relationship is inverted N-shaped.

Table 5. Possible shapes of the curve regarding nexus between income and environment.

Model Value of βi Forms of the Curve

Model 1 β1 = β2 = β3 = 0 No relationship

Model 2 (linear) β1 > 0, β2 = β3 = 0 Linear monotonically
increasing

Model 3 (linear) β1 < 0, β2 = β3 = 0 Linear monotonically
decreasing

Model 4 (quadratic) β1 < 0, β2 > 0, β3 = 0 U-shaped relationship

Model 5 (quadratic) β1> 0, β2 < 0, β3 = 0 Inverted U-shaped
relationship

Model 6 (cubic) β1 > 0, β2 < 0, β3 > 0 N-type relationship

Model 7 (cubic) β1 < 0, β2 > 0, β3 < 0 Inverted N-type relationship

Table 6 contains the results of the Wald tests (bound-testing approach). The value
of the F-statistic in both models is significant at a 5 percent level of significance and
greater than the upper limits (4.9725 > 3.97 & 4.0311 > 3.97). In the model where N2O
emissions and agriculture induced N2O emissions are dependent variables, the computed
value of F-statistic surpasses the upper bound of 5%, therefore, the null hypothesis of no
cointegration among the variables is rejected and we conclude the non-existence of a long-
run relationship between N2O emissions and their determinants. Likewise, agriculture-
induced N2O emissions have a similar relationship with economic growth, exports, and
agricultural land use.

Table 6. Bounds testing to cointegration ARDL.

Statistics Total N2O Agricultural N2O

Optimal Lag Structure (3,1,4,0,4) (2,4,2,2,4)

F-Statistics 4.9725 ** 4.0311 **

Lower bounds 3.05 3.05

Upper bounds 3.97 3.97

AIC −2.281404 −4.0358

Log-Likelihood 71.60830 109.8423
Critical Values: ** significant at 5%. Based on the Akaike information criterion. Critical values bounds are from
Narayan [82]. Case IV-restricted intercept and no trend.

After establishing a long-run relationship, we estimate the conditional ARDL long-run
model by using Equation (2) to obtain the long-run dynamics [86]. The estimated long-run
and short-run elasticities are reported in Tables 7 and 8, respectively. In both models,
the quadratic term, i.e., GDP2, is negative and significant while GDP has a positive sign
verifying the existence of EKC. Agriculture land use appears with a positive sign in the total
N2O emissions model, but negative and insignificant when agricultural N2O emissions is
the dependent variable. It shows a positive relationship between agricultural land use and
pollution indicators (N2O). However, exports are negatively and significantly associated
with environmental degradation measures used in the analysis, which has striking results
that lead to a conclusion that Canadian environmental laws are more stringent in case of
the Canadian economy. A 1% increase in exports leads to a 0.46% and 0.13% decrease in
total N2O and agriculture-induced N2O emissions, respectively.
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Table 7. Long-run analysis.

Dependent_Ln(N2O) Dependent_Ln(N2OA)

Variable Coefficient t-Statistic Coefficient t-Statistic

ln GDPt 41.6239 * 4.3390 18.2060 * 4.1628

ln GDP2
t −1.9563 * −4.3643 −0.8615 * −4.2155

ln ALUt 1.3234 ** 2.2048 −0.3205 −1.1710

ln Exportst −0.4594 * −2.6653 −0.1284 *** 1.7055

Constant −225.7087 * −4.3491 −95.8651 * −4.0517

Diagnostic Tests

R-squared 0.7905 - R-squared 0.6199

Adjusted R-squared 0.7723 - Adjusted R-squared 0.4361

F-statistic 43.39616 [0.000] - F-statistic 3.3713 [0.002]

Jarque-Bera Normality Test 3.62838 [0.1562] - Jarque-Bera Normality
Test 0.5306 [0.7606]

Serial Correlation LM 1.53997 [0.2326] - Serial Correlation LM 2.0744 [0.1485]

Heteroscedasticity (ARCH) 8.14293 [0.0865] - Heteroscedasticity
(ARCH) 8.1317 [0.0869]

Ramsey RESET Test 2.16149 [0.1028] - Ramsey RESET Test 2.0824 [0.1109]

CUSUM & CUSUMSQ Stable - CUSUM & CUSUMSQ Stable

Note: *, ** and *** significant at 1%, 5% and 10% level of significance, respectively. Values in brackets are p-values.

Table 8. Short-run analysis (Dependent_Ln (N2O)).

Variable Coefficient t-Statistic Prob.

∆lnN2Ot−1 −0.3925 ** −3.0245 0.0052

∆lnN2Ot−2 −0.2361 *** −1.9445 0.0616

∆lnGDPt 89.6556 * 5.0532 0.0000

∆lnGDP2
t −4.1423 * −4.9719 0.0000

∆lnGDP2
t−1 −0.1045 * −3.3782 0.0021

∆lnGDP2
t−2 −0.1177 * −3.0456 0.0049

∆lnGDP2
t−3 −0.1054 ** −2.7253 0.0108

∆lnEXPt 0.1351 0.5188 0.6078

∆lnEXPt−1 0.8672 * 3.2621 0.0028

∆lnEXPt−2 1.1608 * 4.0107 0.0004

∆lnEXPt−3 0.9634 * 3.3468 0.0023

Constant −36.9108 * −5.9194 0.0000

ECTt−1 −0.2066 * −6.0140 0.0000

Diagnosis Tests

R-squared 0.6484 B.G Serial Correlation LM 1.4964 [0.2413]

Adjusted R-squared 0.5242 Heteroscedasticity (ARCH) 0.0755 [0.7834]

F-statistic 5.2241 Ramsey RESET Test 0.05295 [0.8196]

Prob.(F-statistic) 0.0001 CUSUM & CUSUMSQ Stable

Note: *, ** and *** significant at 1%, 5% and 10% level of significance, respectively. Values in brackets are p-values.
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Different diagnostics tests were applied to have reliable results in both models. In
the case of the Jarque-Bera test null hypothesis of data, normality cannot be rejected,
indicating normality in the data. Sufficient evidence is available to reject the null hypothesis
that “there is no serial correlation of any order”. The heteroscedasticity test reveals an
absence of heteroscedasticity as we are unable to reject the null hypothesis of “there is no
heteroscedasticity”. Ramsey Reset test verifies the correct specification of both models as
the p-value is insignificant. CUSUM and CUSUMSQ tests conclude that both the models
are stable. A short-run relationship may or may not confirm long run results. Table 8
reports short-run elasticities for model 1. All coefficients in the short run are statistically
significant except exports. Coefficients signs of difference GDP and difference GDP2 imply
the existence of EKC in the short run. Though the coefficient of difference exports has an
expected positive sign and significace, which conclude that more stringent environmental
laws do not exist in the case of the Canadian economy in the short-run.

The lagged time difference coefficients portray signs that are not justifiable at least
in the short run. The estimated coefficients of error correction term (ECTt-1) assume the
desired negative sign, meaning the restoration of equilibrium in the model at the speed of
21% per year. The diagnostic tests state that the model is stable and has no problem with
serial correlation or heteroscedasticity.

In model 2, all the estimated coefficients appear significant except for the export.
The lagged difference coefficient of the dependent variable is negative and significant as
expected, simply meaning a strong relationship, in the short-run, between the variables
(see Table 9). However, the error correction term has a negative sign and is significant at a
1% level showing the convergence nature of the model. The model restores its disturbed
equilibrium at 29% per year. Again, diagnostic tests reveal the appropriateness and sig-
nificance of the model. Figure 7 shows plots of Cumulative Sum and Cumulative Sum of
Squares of Recursive Residuals for both models.

Table 9. Short-run analysis (Dependent_Ln (N2OA)).

Variable Coefficient t-Statistic Prob.

∆lnN2OAt−1 −0.3682 * −2.8986 0.0074
∆lnGDPt 15.4765 *** 1.8874 0.0699

∆lnGDPt−1 −16.6311 *** −2.0314 0.0522
∆lnGDPt−2 −0.6177 *** −1.8909 0.0694
∆lnGDPt−3 −1.4771 * −4.1760 0.0003
∆lnGDP2

t −0.7315 *** −1.9003 0.0681
∆lnGDP2

t−1 0.7812 *** 2.0177 0.0537
∆lnALUt −2.7046 ** −2.3074 0.0289

∆lnALUt−1 2.0469 *** 1.7219 0.0965
∆lnEXPt 0.0165 0.1356 0.8931

∆lnEXPt−1 −0.3293 ** −2.5144 0.0182
∆lnEXPt−2 0.2334 ** 2.2939 0.0298
∆lnEXPt−3 0.2281 ** 2.2641 0.0318
Constant 72.7276 * 5.3533 0.0000
ECTt−1 −0.2909 * −5.3540 0.0000

Diagnosis Tests
R-squared 0.6199 B.G Serial Correlation LM 0.8985 [0.4186]

Adjusted R-squared 0.4537 Heteroscedasticity (ARCH) 0.2912 [0.9780]
F-statistic 3.7229 Ramsey Reset Test 0.1443 [0.7067]

Prob. (F-statistic) 0.0010 CUSUM & CUSUMSQ Stable

Note: *, ** and *** significant at 1%, 5% and 10% level of significance, respectively. Values in brackets are p-values.
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Figure 7. Plots of CUSUM and CUSUMSQ.

The estimated tipping point of GDP per capita for total N2O emissions is $41718 while
for agricultural induced N2O emissions it is $38825. Canada is on the decreasing portion
of EKC in both cases of total N2O emissions and agriculturally induced N2O emissions.
However, agriculture-induced N2O emissions have just started declining, while total N2O
emissions are on the decline for many years. The variables may cause each other in the
short-run as well as in the long run. Granger causality test is applied on both models to
see the direction of the relationship among the variables and the results of the Granger
Causality test for both models can be found in Tables 10 and 11.

Table 10. Granger causality analysis for total N2O emissions.

Dependent
Variable

Short Run Causality Long-Run
Causality

F-Statistics (p-Value) [t-Statistics]

∆ln N2Ot ∆ln GDPt ∆ln GDP2
t ∆ln ALUt ∆ln EXPt ECTt−1

∆ln N2Ot
- 1.87651 1.84776 0.66747 0.30977 −0.028883 **
- (0.1652) (0.1696) (0.5181) (0.7352) [−1.94405]

∆ln GDPt
2.69480 *** - 0.20397 6.98450 * 0.16101 0.000842

(0.0787) - (0.8163) (0.0023) (0.8518) [0.20205]

∆ln GDP2
t

2.66522 *** 0.17947 - 6.93087 * 0.16101 0.012336
(0.0808) (0.8363) - (0.0024) (0.8452) [0.13893]

∆ln ALUt
3.40478 ** 0.29224 0.28922 - 0.35320 0.000227
(0.0422) (0.7480) (0.7503) - (0.7044) [ 0.36268]

∆ln EXPt
3.02655 *** 1.736606 1.77408 0.15122 - 0.015678 *

(0.0587) (0.1880) (0.1816) (0.8601 - [2.32136]

Note: *, **, *** significant at 1%, 5% and 10% level of significance.
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Table 11. Granger causality analysis for agriculturally induced N2O emissions.

Dependent
Variable

Short Run Causality Long-Run
Causality

F-Statistics (p-Value) [t-Statistics]

∆ln N2Ot ∆ln GDPt ∆ln GDP2
t ∆ln ALUt ∆ln EXPt ECTt−1

∆ln N2Ot
- 0.55943 0.58337 0.27156 1.14854 −0.29243 *
- (0.8156) (0.7971) (0.9762) (0.3710) [−2.34904]

∆ln GDPt
4.02855 * - 0.36609 1.92368 *** 2.70420 ** −0.03048
(0.0033) - (0.9397) (0.0992) (0.0262) [−0.35291]

∆ln GDP2
t

3.99364 * 0.35952 - 2.07215 *** 2.76590 ** −0.05977
(0.0035) (0.9429) - (0.0766) (0.0236) [−0.32419]

∆ln ALUt
0.63563 0.46215 0.48693 - 1.15736 −0.001589
(0.7553) (0.8849) (0.8684) - (0.3658) [−1.17678]

∆ln EXPt
1.68875 1.58433 1.58501 0.85301 - −0.048628 *
(0.1492) (0.1787) (0.1785) (0.5776) - [−3.40867]

Note: *, **, *** significant at 1%, 5% and 10% level of significance.

The results of Granger causality movements are summarized in Table 12. In the short
run, the agricultural land use Granger causes total N2O emissions and this relationship is
unidirectional. Similarly, the total N2O emissions Granger causes GDP, GDP2, and exports,
while GDP and GDP2 Granger cause ALU; however, there is no other short-run causality
exists between the variables. Unidirectional causality is detected from GDP, GDP2, and
agricultural land use to total N2O emissions while bidirectional causality exists between
total N2O emissions and exports in the long run. For the agriculturally induced N2O
emissions, in the short-run, only agricultural land used and exports Granger cause GDP and
its square term, which is a unidirectional relationship while GDP and GDP2 Granger cause
ALU; however, no other short-run causality exists between the variables. Unidirectional
causality is found from GDP, GDP2, and agriculture land use to agriculturally induced
N2O emissions in the long-run while bidirectional causality exists between agriculturally
induced N2O emissions and exports.

Table 12. Direction of Granger Causality Test for both specifications.

Total N2O Emissions Agricultural Induced N2O Emissions

Short-Run Long-Run Short-Run Long-Run

N2O→ GDP, GDP2, ALU, Exp
GDP, GDP2→ ALU

GDP→ N2O, Exp
GDP2 → N2O, Exp
EXP→ N2O
ALU→ N2O, Exp
N2O→ Exp

N2O→ GDP, GDP2

GDP, GDP2 → ALU, Exp

GDP→ N2O, Exp
GDP2 → N2O, Exp
EXP→ N2O
ALU→ N2O, Exp
N2O→ Exp

Studying GHGs is important, as they impact human life, climate, and the environ-
ment [87]. In addition, the study of N2O is much more important due to its 300 times
greater warming potential than CO2 [9]. This research examines the long-run and the causal
nexus of economic growth, exports, and agricultural land use with total N2O emissions and
agricultural induced N2O emissions for Canada using data from 1970 to 2020 by applying
the ARDL bounds testing technique. The empirical findings show a significant impact of
independent variables (economic growth, exports) on agriculturally induced N2O emis-
sions, while agricultural land use shows an insignificant result, whereas economic growth,
agricultural land use and exports significantly impact total N2O emissions. The nature
of the relationship is nonlinear, which confirms the EKC hypothesis, as many previous
studies reported a non-linear relationship between various indicators of economic growth
and different measures of pollution indicators [21]. Jiang et al. [88] employ panel data
from thirty provinces of China over the period of 2002–2015 and taking CO2 as a pollution
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indicator confirmed EKC for all provinces. Grossman and Krueger [45] empirically found
the non-linear relationship between sulfur dioxide and fine smoke. Shafik [89] found
that the EKC was valid for 149 countries only for SO2. In contrast, studies are available
that deny the existence of the EKC hypothesis. Using N2O, CH4, and CO2 as proxies of
pollution indicators, Tamang [90] empirically estimated the EKC hypothesis for eleven
high and eight low-income countries and found no support in favor of the EKC hypothesis,
while Haider et al. [60], using data from 15 developed and 18 developing countries, and
Haider et al. [64], using N2O emissions as a pollution indicator, confirmed the EKC hypoth-
esis in the respective countries studied. Using panel data for OECD countries, Georgiev
and Mihaylov [91] examined the EKC hypothesis for two global air pollutants and found
that the inverse U-shaped association between income and pollution is non-existent for all
gases. Using the GMM approach, Abdouli et al. [92] validate EKC for the BRICS countries.
Other than inverted U-shaped EKC (Jalil and Mahmud [29], Pao and Tsai [93]), some other
shapes have also been found: no shape [48], N-shaped [94], and inverted N-shaped [38,95].

The inverse U-shaped association between economic growth and pollution guarantees
the happening of a turning point, which means a shift toward environmental improvement
from environmental deterioration [96]. The turning point of per capita income for total N2O
emissions is $41,718, whereas it is $38,825 for agriculturally induced N2O emission. This
conveys that EKC exists in the context of total N2O emissions and agricultural induced N2O
emissions. The close threshold level of per capita income in the case of total and agricultural
induced N2O emissions conveys that the relative size of N2O emissions from the agriculture
sector is moderate in Canada, while the total N2O emissions have decreased significantly
over the years. It is evident that Canada has just passed the turning point of EKC when
analyzed in the context of agriculture-induced emissions. This estimated tipping point is
not significantly different from the findings of Zambrano-Monserrate and Fernandez [66],
who estimate the threshold level of income at $27,880 in the case of Germany. Canada is a
developed economy and over the years has shifted from an agriculture-based economy to
a service-oriented country. The heterogeneity in threshold level of income in the contest
of EKC can be attributed to the choice of pollution indicators, the difference in estimation
methods, and the period of study. Moosa [97] estimated the tipping points of GDP from
$20,250 to $50,000 depending on the model specification and source of CO2 emissions for
Australia. Countries differ in terms of the speed to reach the turning point. Industrialized
countries reach a turning point 1.96 times slower than the deindustrializing countries.
Technological progress, among others, is one of the key factors that increase the speed to
reach the turning point [96]. According to Sarkodie and Strezov [98], the average threshold
level of income is $8910, while low-income and middle-income economies are found below
the turning point while high-income countries are found above. Yaduma et al. [99] also
found a tipping point of income correspondence to the level of pollution emissions.

Land-use policies are important in the context of deforestation, change in land use, and
arable and permanent cropland areas. These policies are closely linked with sustainable
management of forests, environmental degradation, and biodiversity loss. Sustainable
development and sustainable agriculture are highly prone to a degree of land degradation,
as it causes poverty in the countries with an agrarian economy. We find that agricultural
land use significantly impacts total N2O emissions, whereas there is insignificant impact
in case of agriculture-induced N2O emissions. This result is in line with the previous
empirical literature. For instance, Zambrano-Monserrate and Fernandez [66] also found a
direct positive effect of agricultural land use on N2O emissions in Germany, and similar
results were found in the case of Pakistan by Haider et al. [64]. To increase production
intensive use of fertilizer is common that is linked to nitrate contamination of water supply
and the excessive use of pesticides in agriculture poses environmental challenges [100]. An
inverted U-shaped relationship is found by Barbier and Burgess [101] between economic
development and agricultural land use, which varies across countries. Likewise, Chiu [102]
reported an inverted U-shaped between economic growth and deforestation using data
from 52 countries.
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Canadian exports negatively affect total N2O emissions as well as agricultural induced
N2O emissions, and this result is in line with the study conducted by Zambrano-Monserrate
and Fernandez [66] for Germany. According to Solarin et al. [103], lax environmental reg-
ulations encourage developed nations to establish pollution-intensive industries in poor
countries. This shift in trade patterns damages the environment in developing coun-
tries [104]. However, mixed results can be found in the literature on the nexus between
exports and N2O emissions. Exports negatively affect N2O emissions in Germany [66]
while a report by the OECD [105] finds no evidence of a decrease in exports in countries
where environmental laws are very strict. This difference of opinion may be attributed to
the production processes involved in exports in different countries. The countries where
efficient and environmentally friendly production procedures are employed may not report
a positive effect of exports on N2O emissions while countries with less efficient and polluted
production systems may have a positive effect of exports on N2O emissions especially in
case of developing countries [64].

5. Conclusions and Policy Implications

The objective of this research was to examine the existence of EKC in Canada by using
N2O emission as a proxy for pollution and including exports and agricultural land use
as control variables in the model. The ARDL approach was applied to infer conclusions
on the Canadian data spanning from 1970–2020. Two models were estimated. N2O
emissions and agricultural induced N2O emissions were taken as dependent variables in
the first and second model, respectively. The outcomes of the study show a non-linear
long-run association between economic growth and both indicators (total N2O emissions
and agricultural induced N2O emissions) of environmental state. This provides sufficient
support for the presence of EKC in Canada. Further, results show that Canada is on
the declining segment of EKC in term of total N2O emissions meaning economic growth
in Canada is improving its environmental state instead of destructing it. The turning
points are $41,718 and $38,825 per capita income for total N2O emissions and agricultural
induced N2O emissions respectively. The behavior of control variables is according to the
prior expectations. For instance, agricultural land use does have a positive effect on total
N2O emissions, while a negative and insignificant effect on agriculturally induced N2O
emissions. Canadian exports are negatively associated with total N2O emissions as well as
agriculturally induced N2O emissions.

Based on the findings, we report some of the policy implications. First, the export
production processes seem efficient and non-polluting, which concludes that even though
Canada does have some more restrictive environmental laws for exports, it requires more
stringent laws to curb N2O emissions-oriented exports to keep the ecosystem in balance
and intends to meet its 2030 target of reducing emissions by up to 45% compared to 2005
levels as it progresses towards Canada’s 2050 net-zero ambition. Second, careful selection
of nitrogen fertilizers in agriculture crops could reduce N2O emissions significantly. Instead
of short-run policies based on economic returns from agricultural production, long-run
policies need to be perused to control environmental damage. To encourage the farmer
to adopt some mitigative measures it must be ensured they do not face losses in their
revenue. Integrated modeling of agriculture activities could be a viable solution where
environmental and economic indicators are estimated simultaneously. Currently, a model
called CRAM exists for agricultural planning that can be further extended for developing
mitigating policies to reduce GHGs emissions. The adoption of precision farming can
optimize the yield by suggesting ways to fine-tune location and machine-led fertilizer
spread. Finally, the land being a limited natural resource has encouraged production
systems that emit high-level GHGs, particularly N2O emissions [106]. Land-use policies in
Canada need to align in such a way that land use does not cause N2O emissions.

To conclude this study, we propose a few future research dimensions. First, considering
the vastness of Canada and huge variations in biodiversity and climate in its various
parts, it is more interesting to study the EKC hypothesis at the state/province level. In
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this way, more accurate and appropriate policy formulation is ensured. Second climatic
variables, like temperature and precipitation, may be included in the estimation model,
as GHGs emissions ultimately lead to a climatic variation that in turn affects economic
activities. Finally, a comparative study is required at least among the top largest and
smallest economies of the world for the adaptability and universality of the inferences
drawn in this research.
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