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Abstract: The agricultural sector has become an important emitter of greenhouse gases in China.
The CO2 emissions in the western undeveloped region have attracted less attention than those in
the eastern developed region in China. In this paper, the change in carbon footprint (CF) caused by
agrochemical and agricultural energy inputs, the contributions of various inputs to the total carbon
footprint (TCF), and the different changing trends between carbon intensity in output value (CV) and
carbon intensity in area (CA) in Qinghai province were studied based on the data for agrochemical
and energy inputs over 1995–2016. The change in TCF had a roughly stable period over 1995–1999, a
slowly decreasing period over 2000–2007, and a rapidly increasing period over 2008–2016, which
generally synchronize with the periods of before the Grain for Green Policy (GFGP), during the GFGP,
and after the GFGP, respectively. The chemical nitrogen fertilizer and energy inputs were the principal
factors influencing the TCF. The N fertilizer was the highest contributor to the TCF and contributed
more to the relatively lower TCF during the GFGP in the study area. The relative CF caused by
plastic film and diesel input in the study area increased faster than that in the whole country. The CV
declined, with a mean of 0.022 kg carbon equivalent (CE)/Chinese Yuan (CNY), which was 55.59%
of the mean CV in China over 1995–2016; inversely, the CA obviously rose after 2007, with a mean
of 5.11 kg CE/ha, which was only 1.94% of the mean CA in China from 1995 to 2016. Compared
with the whole country, Qinghai province generally had a higher rate of increase of carbon efficiency
accompanied by a higher rate of increase of CA. The improvements of local agricultural activities
should aim to keep a balance between higher carbon efficiency and lower CA in the study area.
Keywords: carbon emissions; emission coefficient; agricultural land; agricultural inputs; agricultural
policies; Qinghai province

1. Introduction
CO2 emissions have kept increasing due to large-scale use of fossil fuels and have attracted
global attention [1]; and recent human-induced emissions of greenhouse gases are reaching the highest
levels in history [2]. Increasing human-induced CO2 emissions may affect climate change and limit
the sustainable development of human society and economy [3]. In order to study the trend and
affecting factors of CO2 emissions in different production sectors and to promote the green economic
development, many researchers have used the evaluation methods of carbon footprint (CF) in different
research fields [4–6].
China is a country with a long history of agricultural civilization. Because of the population
increase, economic development, improvement of living standards, and limitation of agricultural land
resources, the modern agricultural production mainly depends on agrochemicals and fossil fuels both
Appl. Sci. 2019, 9, 2047; doi:10.3390/app9102047

www.mdpi.com/journal/applsci

Appl. Sci. 2019, 9, 2047

2 of 13

in the economically developed and underdeveloped regions in China [7]. In order to combat serious
ecological degradation in its economically underdeveloped regions, China has launched a few key
ecological and agricultural policies or projects. Large-scale policies or projects have strongly affected
the agrochemical and energy inputs. Previous studies have paid more attention to human-induced CO2
emissions for agricultural production, their potential risks to the environment, and ways of reducing
agricultural carbon emission by using CF evaluation in economically developed regions [8–11]; yet,
relatively few studies have focused on the change in CF for agricultural production in its ecologically
vulnerable and economically underdeveloped regions, which have also been strongly affected by the
rapid development of the economy in China.
Human-induced CO2 emissions for agricultural production and their potential risks to the
environment are closely related to the area and location of agricultural land and the agrochemical and
energy inputs. As a type of highly intensive agricultural land, cropland sometimes decreases due to
the change of cropland into construction land for regional economic development and the change of
low quality cropland to forest or grassland for ecological security, but sometimes it increases because
of the change of grassland or forest to cropland for food security in the ecologically vulnerable regions
in China [12–14]. The Chinese government always tries to keep a balance between decreasing the
ecological degradation and increasing the agricultural efficiency. In order to reduce the adverse effects
of ecological and agricultural policies on agricultural production and to support and benefit farmers,
the Chinese government has launched some preferential agricultural policies after the Grain for Green
Policy (GFGP) [15]. For example, focusing on “agriculture, rural areas, and farmers”, 12 consecutive
“Central First Documents” were released from 2004 to 2015 [16]. The implementation of the mentioned
agricultural policies has effectively changed the agricultural land use structure and input structure
in China, especially in the GFGP implementation area since the early 1990s. Thus, it is necessary to
study the total carbon footprint (TCF) trend and its potential risks to the environment in its ecologically
vulnerable and economically underdeveloped regions.
The above-mentioned ecologically vulnerable and economically underdeveloped regions are
mainly located in western China, with physical geographical characteristics of the obvious change in
altitude, more mountain and plateau landscapes, great daily or seasonal range of temperature, and
frequently occurring droughts, floods, and strong storms [17]. The GFGP has mainly launched in
western China, which mainly covers five topographic regions. Some studies have paid attention to the
CO2 emissions for agricultural production and their potential risks to the environment in northwest
China [18], Loess Plateau [19], Sichuan Basin [20], and Yunnan–Guizhou Plateau [21]. In fact, the CO2
emissions for agricultural production and their potential risks to the environment on the fragile Tibetan
Plateau should be paid more attention, because the Tibetan Plateau is always regarded as a driver and
amplifier of the global climate change and the birthplace of China’s major rivers.
Taking Qinghai province on the Tibetan Plateau as a study area, and using carbon footprint
analysis as the evaluation method, the authors have the following study goals: (1) To estimate the
changing trend in TCF of the agricultural sector in Qinghai province associated with the GFGP
implementation periods; (2) to recognize the main factors affecting CO2 emissions associated with
the structure of agricultural inputs; and (3) to assess the different changing trends between carbon
intensity in output value and carbon intensity in area in order to hold a balance between higher carbon
efficiency and lower carbon intensity in area (CA) in the study area.
2. Data Sources and Research Methodology
2.1. Study Area
Located in the northeast region of the Tibetan Plateau, Qinghai province has a geographical
position of north latitude 31◦ 390 –39◦ 190 , east longitude 89◦ 350 –103◦ 040 . It covers an area of 7.18 ×
105 km2 , ranking fourth in China (Figure 1). It has an annual average temperature between −5.6 and
8.6 ◦ C and an annual precipitation ranging from 17.6 to 764.4 mm. The average elevation is over
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3000 m, with a peak of 6860 m and a low point of 1650 m. As the birthplace of China’s major rivers, it
has a terrain higher in the southern and western region and lower in the eastern and middle region. Its
sunshine is long and the solar radiation is strong. The annual sunshine reaches 2300–3600 h and the
total radiation quantity in the province is 585.20–739.86 KJ cm−2 , second only to the Tibet autonomous
region in China [22].

Figure 1. Division of western China and location of Qinghai province, China (The division of western
China was based on Wang and Shen [17]).

Agricultural land use types in Qinghai province mainly included cropland, orchard, grassland, and
forest land, with proportions of 0.76%, 0.01%, 56.25%, and 3.69%, respectively in 2006 [22]. Agricultural
output value increased over 1995–2016, especially after 2007 (Figure 2). The output value from planting
and stock raising contributed about 96% of the total agricultural output value. The output value from
planting was basically equivalent to that from stock raising, although the latter was slightly higher
than the former after the GFGP.

Figure 2. Agricultural output value in Qinghai province over 1995–2016.
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2.2. Data Sources
The data for cropland, orchard, grassland, and forest land areas were based on the published
data [22,23] and the Third Pole Environment Database [24] .The input data for chemical fertilizers,
pesticides, and plastic film were obtained from the National Data for the period 1995–2016 [25]. The
agricultural output value for the initial year of the study period and the annual increasing index of
agricultural output value for Qinghai province over 1995–2016 were also obtained from the National
Data for the period 1995–2016 [25]. The consumption data for raw coal, gasoline, diesel, and electricity
were obtained from the energy consumption in the agricultural sector in Qinghai province from 1995
to 2016 [26].
2.3. Research Methodology
By considering each section of emissions of greenhouse gases in carbon equivalent (CE), the
TCF in the agricultural sector was estimated over 1995–2016, which was caused by 10 main inputs
of chemical fertilizers, pesticides, plastic film, raw coal, gasoline, diesel, and electricity. The TCF for
agricultural production mainly consists of two parts, i.e., (1) indirect emissions of greenhouse gases
from the manufacture of chemical fertilizers, pesticides, and plastic film and (2) direct emissions of
greenhouse gases from the raw coal, gasoline, diesel, and electricity used by agricultural activities.
Based on the published data [27], the annual emission coefficient for electricity use was estimated,
which ranged from 0.23 to 0.18 kg C/kWh over 1995–2016. The coefficient for N2 O emissions from
chemical fertilizer-N application in Qinghai province was based on the regional mean value of 0.0056
kg N2 O–N/kg N fertilizer in northwestern China [28], which was lower than the mean of the whole
country [29]. The direct N2 O emissions from chemical fertilizer-N application in agricultural lands
should be taken into account, because it was one of the major contributors to the TCF [8].
The CF of individual emission source input for agricultural production was estimated based on
Equation (1):
CF = ES × EC,
(1)
where CF is the carbon footprint in carbon equivalent (CE) for CO2 emissions caused by individual
emission source input; ES is the amount of individual emission source input; and EC is the individual
emission coefficient. Table 1 lists the individual emission source and coefficient in the agricultural
sector in Qinghai province.
Table 1. Main emission sources and emission coefficients in the agricultural sector in Qinghai province.
Emission Source

Emission Coefficient (kg C/kg)

Reference

Agrochemicals

Nitrogen
Phosphorus
Potassium
Pesticides
Plastic film

1.74
0.20
0.15
6.00
2.58

[30]
[10]
[10]
[10]
[9]

Energy

Raw coal
Gasoline
Diesel

0.52
0.80
0.84

[29,31]
[29,31]
[29,31]

The CF for N2 O emissions caused by chemical N fertilizer use was estimated based on Equation (2):
CF = 127.21 × 0.0056N,

(2)

where CF is the carbon footprint in carbon equivalent for N2 O emissions caused by N fertilizer use; N
is the amount of N fertilizer used; 0.0056 is the emission coefficient for N2 O emissions caused by N
fertilizer application in the study area; and 127.21 is the conversion coefficient [8,32].
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The TCF caused by agrochemical and energy inputs was calculated based on Equation (3):
TCF =

10
X

ESi ECi ,

(3)

i=1

where TCF is the total carbon footprint, ESi is the input amount of the emission source i; ECi is the
emission coefficient of emission source i; and i means the main type of emission source, which ranges
between 1 and 10.
Two types of carbon intensities were selected to describe the economic benefits and related
environmental issues caused by CO2 emissions for agricultural production [10]. Carbon intensity in
output value (CV) means the total carbon footprint per unit of agricultural output value. Carbon
efficiency can be used to directly reflect the benefit of agricultural production at the expense of
agricultural CO2 emissions, which is the reciprocal of CV. Carbon intensity in area (CA) means the
total carbon footprint per unit of agricultural land area, which can be used to reflect the potential
environmental problems.
In order to reflect the relative carbon efficiency and potential environmental problems in Qinghai
province, comparative analysis of the changing trends of TCF, CV, and CA was used between the study
area and the whole country.
3. Results and Analysis
3.1. Change in TCF for Agricultural Production
The TCF induced by 10 main types of agrochemical and energy inputs rose from 194.30 to 309.89
Kt CE (1 Kt = 103 t) over 1995–2016. It had a mean value of 222.22 Kt CE and a yearly rate of increase
of 2.83% over the study period (Figure 3 and Table 2). Three time periods could be found for the
TCF changing trend over 1995–2016, i.e., a five-year period over 1995–1999, an eight-year period
over 2000–2007, and a nine-year period over 2008–2016 (Figure 3). The TCF was roughly stable over
1995–1999, with a lower yearly rate of increase of 1.57%; slowly declined over 2000–2007, with a yearly
decreasing rate of 1.02%; and rapidly rose over 2008–2016, with a higher yearly increasing rate of 4.85%.
The mean value of TCF decreased from the first period to the second period; yet, it increased from the
second period to the third period. Distinct change in TCF occurred from 2007 to 2008. Indicated by
Figure 3, the relative TCF was lower during the GFGP in the study area, which was obviously different
from that in the whole country [3].

Figure 3. Changing trends of carbon footprints induce by agrochemical and agricultural energy inputs
in Qinghai province over 1995–2016. TCF—total carbon footprint.
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Table 2. Mean TCF and mean agricultural output values for four periods.
Year

Mean TCF
(Kt CE)

TCF Growth
Rate (%)

Mean AV
(BCNY *)

AV Growth
Rate (%)

Relative
Contribution
by N (%)

Relative
Contribution
by Energy (%)

1995–1999
2000–2007
2008–2016
1995–2016

196.92
184.19
270.08
222.22

1.57
−1.02
4.85
2.83

5.89
7.82
24.30
14.12

2.61
11.94
20.70
24.32

49.57
51.89
44.98
48.54

42.36
37.78
43.16
41.02

* Note: 1 BCNY = 109 CNY (Chinese Yuan); 1 Kt = 103 t.

3.2. Relative Contributions of Agricultural Inputs to the TCF
The relative contributions of carbon footprints induced by 10 main agricultural inputs to the
TCF for four periods are displayed in Figure 4. Based on the values of relative contributions for
various agricultural inputs from 1995 to 2016, the contributors could be divided into three groups, i.e.,
higher contributors, including nitrogen (48.54%), electricity (13.65%), and diesel (12.36%); moderate
contributors, including raw coal (9.23%), gasoline (5.78%) and pesticides (4.99%); and lower contributors,
including plastic film (2.56%), phosphorus (2.09%), and potassium (0.80%). The relative contributions
indicated that 92.46% of the TCF was contributed by chemical fertilizers and energy consumption;
while only 7.54% of the total CF was contributed by pesticides and plastic film use (Figure 4). The CF
caused by nitrogen input induced N2 O was even greater than that caused by electricity use. The CF
caused by energy consumption was 41.02% of the TCF. Particularly, the relative contribution of CF
caused by electricity use roughly decreased from 1995 to 2011; however, it rapidly increased after 2011.

Figure 4. Relative carbon footprint (CF) contributions of 10 emission sources to the TCF.

The CF caused by plastic film was only 2.56% of the TCF; yet, it had a higher rate of increase than
those caused by other agrochemical inputs over 1995–2016. The relative CF caused by plastic film in
the study area increased even faster than that in China. The CF caused by diesel was 12.36% of the
TCF, lower than that by electricity; yet, it had a higher rate of increase than those caused by other
agricultural energy inputs over 1995–2016. The relative CF caused by diesel in the study area also
increased faster than that in China (Figure 5).
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Figure 5. Changes in the relative CFs of plastic film and diesel in Qinghai province and China.

The relative CF contributions of 10 emission sources to the TCF for four time periods are shown in
Table 2 and Figure 4. The changing trend of TCF was mainly controlled by that of carbon footprints
induced by N fertilizer and energy inputs. The relative mean CF contribution of N fertilizer to the
TCF increased from 49.57% during the period 1995–1999 to 51.89% during the period 2000–2007,
then dropped to 44.98% during the period 2008–2016 (Table 2). The changing trend for relative
mean CF contribution of agricultural energy to TCF was contrary to that of N fertilizer to the TCF.
Therefore, higher proportion of N fertilizer input over 2000–2007 during GFGP and higher proportion
of agricultural energy consumption over 2008–2016 after GFGP could be found in the study area.
Compared with the whole country [3], the study area had a lower proportion of N fertilizer input and
a higher proportion of agricultural energy consumption.
3.3. Changing Trends of Carbon Intensity in Output Value and Carbon Intensity in Area
The agricultural output value rapidly increased from 2007 to 2016, with an annual rate of increase
of 24.32% over 1995–2016, which was about three times that for China. The CV declined from 0.035
to 0.009 kg CE/Chinese Yuan (CNY) over 1995–2016 (Figure 6). The changing trend of CV indicated
that the carbon efficiency was improved, partly because both agricultural land use structure and
agricultural input structure were gradually optimized according to the market demands. The average
CV was 0.022 kg CE/CNY, which was only 55.59% of the average CV in China over 1995–2016 [3,33].
Based on the ratio of CV in the studied years to that in the initial year of the study period, the relative
CV in Qinghai province was higher than that in China over 1995–2002; however, it was lower than that
in China over 2003–2016 (Figure 7). The ratio of CV in Qinghai province to that in China was roughly
decreased from 0.65 in 1995 to 0.33 in 2016 (Figure 8). Thus, the CV in Qinghai province was lower
than that in China; however, the rate of increase of carbon efficiency in Qinghai province was higher
than that in China.
A roughly increasing trend of CA could be found over 1995–2016; however, the CA was lower
over 2000–2007 during the GFGP (Figure 6). The mean CA was 5.11 kg CE/ha, which was only 1.94%
of the mean CA in China over 1995–2016. Based on the ratio of CA in the studied years to that in the
initial year of the study period, the relative CA in Qinghai province was generally lower than that
in China over 1995–2012; however, it was higher than that in China over 2014–2016 (Figure 7). The
ratio of CA in Qinghai province to that in China was roughly decreased from 0.021 in 1995 to 0.014
in 2007; however, it was roughly increased from 0.014 in 2007 to 0.024 in 2016 (Figure 8). Thus, the
CA in Qinghai province was much lower than that in China; however, the rate of increase of CA in
Qinghai province accelerated after 2007, and became higher than that in China after 2013. It is clear
that the increase in carbon efficiency was accompanied by an increase in CA, especially after 2007 in
the study area.
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Figure 6. Change in carbon intensity in Qinghai province over 1995–2016.

Figure 7. Change in relative carbon intensity in Qinghai province and China over 1995–2016.

Figure 8. Change in ratio of carbon intensity in Qinghai province to that in China over 1995–2016.

4. Discussion
4.1. Related Agricultural Policies Affect the TCF
The changing trend of TCF was affected by the related national and local agricultural policies.
The TCF had experienced roughly stable, slowly decreasing, and rapidly increasing periods, which
were related to the periods 1995–1999 before the GFGP, 2000–2007 during the GFGP, and 2008–2016
after the GFGP. From 1995 to 1999, the TCF was roughly stable, because the food security should
have been guaranteed by intensifying agricultural land use or expanding cropland area [25,26]. From
2000 to 2005, the TCF decreased, because the ecological security should have been guaranteed mainly
by reducing cropland at high risk of degradation, and the agricultural inputs were relatively lower
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over 2000–2005 of the initial implementation period of GFGP in the study area, which was obviously
different from other GFGP implementation areas in western China [34].
The TCF slightly increased between 2006 and 2007, probably because some contingency policies
were implemented to keep the balance between the food security and ecological security in the late
implementation period of the GFGP period [35]. In order to control the increasing TCF and to maintain
the agricultural production, China adopted many specific low-carbon agricultural techniques [36];
however, the overall agricultural energy efficiency was low, especially in undeveloped western
China [37]. In addition, the environmental pollution induced by higher agrochemical inputs has not
attracted wide public attention because this type of concealed and dispersed pollution is difficult to
detect [38]. The TCF in the study area rapidly increased between 2008 and 2016, and the CF proportion
by energy input during that period was relatively higher. This was because that the cropland and
orchard area had slightly increased and all agricultural inputs had generally increased after the
implementation period of GFGP. The changes in agricultural policies and associated agricultural
land use structure and input structure strongly affected the changing trend of TCF for agricultural
production in the study area, which were also evident in China [3], Jordan [39], the Indo-Gangetic
Plains [40], and the South American Chaco [41].
As a part of driver and amplifier of the global climate change, Qinghai province should control
its relatively lower but increasing TCF. Based on the changing trends for CV and CA in Qinghai
province over 1995–2016 (Figure 6), the input structure and intensity of agrochemical and energy
during 2005–2007 may be comparatively reasonable to hold a balance between higher carbon efficiency
and lower CA in the study area under certain natural and economic conditions. In order to limit the
increasing TCF, it is necessary to control the application amount and use efficiency of N fertilizer, diesel,
and plastic film.
4.2. Agricultural Carbon Efficiency and the Associated Environmental Problems
The decreasing trend of carbon intensity in output value and increasing trend of agricultural
carbon efficiency in Qinghai province were mainly determined by the increasing proportion of the
agricultural products with higher economic output value and the change in agricultural input structure
over the study period. However, the population growth, increase in food and income demands,
implementation of series of ecological and supporting agricultural policies, (especially the GFGP
during 2000–2007), and the unique fragile plateau environment not only result in the increasing trend
of carbon intensity in area but also cause other associated environmental problems.
The rural population in Qinghai province rose from 3.23 million to 3.96 million between 1995 and
2016, with an annual increment of 37.60 thousand. Meantime, the grain crop production increased
from 1.42 million tons to 1.46 million tons over 1995–2016, with an annual increment of 3.52 thousand
tons; while the cash crop production increased from 0.55 million tons to 2.00 million tons over the study
period, with an annual increment of 77.98 thousand tons. Practically, the cash crop production exceeded
the grain crop production in Qinghai province after 2009. Therefore, the increasing agricultural carbon
efficiency mainly depended on the increasing cash crop production. Based on National Survey Data,
compared with major grain production, vegetable production requires 2.1 times input of chemical
fertilizers, 5.5 times input of pesticides, and 61.9 times input of plastic film in China, respectively [42].
Thus, more agrochemical inputs have to be used to increase the production of high-valued cash crops.
Therefore, the N fertilizer application had increased from 64.42 to 80.99 kg/ha between 1995 and
2016, with a mean of 73.54 kg/ha in Qinghai province, which was 33.91% of the mean in the whole
country; while the P fertilizer application had increased from 30.51 to 45.02 kg/ha between 1995 and
2016, with a mean of 38.87 kg/ha in Qinghai province, which was 39.91% of the mean in the whole
country. Based on the National Data [25], China has exceeded its safe N input limit of 170 kg/ha
since 1995, and safe P2 O5 input limit of 80 kg/ha since 2001 [43,44]. Although the chemical fertilizer
applications were under the general safe environmental limits for N and P2 O5 in Qinghai province, the
indisputable fact is that all agrochemical inputs increased after 2007. Thus, the agrochemical input
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intensity during 2005–2007, which may be comparatively reasonable to hold a balance between higher
carbon efficiency and lower CA, and the unique safe environmental limits of agrochemicals and energy
on the plateau need further studying.
Currently, it is necessary to efficiently use high-quality agrochemicals and energy, and to develop
more biological and eco-friendly agricultural additions on the fragile plateau in order to increase
agricultural carbon efficiency and to control the associated environmental problems [45]. In addition,
as the birthplace of China’s major rivers, Qinghai province should impose heavy environment taxes on
agrochemicals and energy and waive value-added taxes on biological and eco-friendly agricultural
additions [46], which will be useful for the improvement of the local and downstream environmental
conditions. New technologies and methods for carbon capture, storage and rational use (e.g., CO2
injection enhanced oil recovery), and manufacture of high-quality and low-pollution agrochemicals
and energy should be experimentally used to protect the fragile plateau [47–51].
4.3. Uncertainty of Evaluation of the TCF and the Related CV and CA
The TCF caused by 10 main types of agricultural inputs for agricultural production and the related
CV and CA in Qinghai province on the Tibetan Plateau over 1995–2016 were evaluated. However, the
authors should list some sources of uncertainty for evaluation of the TCF. Due to lack of relevant data,
the construction, maintenance, and enhancement of agriculture infrastructure were not regarded as
emission sources, which affected the evaluation of annual absolute TCF in the study area. Furthermore,
the regional difference of emission coefficients for 10 main types of agrochemicals and agricultural
energy also affected the TCF evaluation. Uncertainty of evaluation of CA could be unavoidable,
because the 10 main types of agrochemicals and agricultural energy were mainly used in cropland
and orchard. Thus, the TCF per unit of agricultural land area could not reflect the detailed CA in
cropland, orchard, forest, and grassland. Uncertainty of evaluation of CV could also be unavoidable,
because some new agricultural varieties were sometimes used, which affected the index for agricultural
output value. However, the mentioned sources of uncertainty could not interfere with the general
changing trend of CF caused by each main agricultural input in Qinghai province over 1995–2016.
Referring to the study by Li et al. [52], more emission sources and detailed emission coefficients with
regional characteristics should be taken into consideration to study the carbon footprint in future
works. Located in the eastern agricultural area of Qinghai province, the Hehuang valley should be
taken as a key study area to further study the carbon footprint of agricultural sector and its affecting
factors. The valley has a land area accounting for about 26.3% of the total area of Qinghai province but
a cropland area accounting for 60.8% of the province’s total cropland area [53].
5. Conclusions
The socioeconomic development and implementation of a series of ecological and supporting
agricultural policies since 1995 affected the changing trends of total carbon footprint, carbon
intensity in output value, and carbon intensity in area for agricultural production over 1995–2016 in
Qinghai province.
The changing trend of TCF for agricultural production could be divided into the three time periods
of a roughly stable period 1995–1999, a slowly declining period 2000–2007, and a rapidly increasing
period 2008–2016 in Qinghai province, which generally synchronized with the periods of before the
GFGP, during the GFGP, and after the GFGP, respectively.
The chemical nitrogen fertilizer and energy inputs were the principal influencing factors in the
change of the TCF. N fertilizer was the biggest contributor to the TCF and contributed more to the
relatively lower TCF over 2000–2007 during the GFGP in the study area. In addition, the relative CF
caused by plastic film and diesel in the study area increased faster than that in the whole country.
Thus, the potential environmental risks caused by N fertilizer, diesel, and plastic film inputs should
be monitored.
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The decreasing CV generally synchronized with the increasing CA in Qinghai province. The CV
declined, with a mean of 0.022 kg CE/CNY, which was 55.59% of the mean CV in China over 1995–2016;
inversely, the CA obviously rose after 2007, with a mean of 5.11 kg CE/ha, which was only 1.94% of
the mean CA in China from 1995 to 2016. The agrochemical input intensity during 2005–2007 may be
comparatively reasonable to hold a balance between higher carbon efficiency and lower CA. Both CV
and CA in the study area were lower than those in China; however, both the carbon efficiency and
CA in the study area generally had a higher rate of increase than that in China, which might lead to
increasing potential environmental risks in local or downstream regions.
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