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Abstract: As the third-largest maize-producing province in China and a typical arid and semi-arid
region, quantitatively evaluating the carbon and nitrogen footprints of maize production and their
dominant factors is of great significance in guiding the high-yield, low-carbon, and sustainable devel-
opment of maize production in the Inner Mongolia Autonomous Region. This study quantitatively
evaluated the interannual evolution characteristics of the carbon and nitrogen footprints in maize pro-
duction and their dominant factors in Inner Mongolia from 2003 to 2022 based on statistical yearbook
data and emission parameter models. The results showed that from 2003 to 2022, the maize planting
area, yield, and total yield in Inner Mongolia all increased, with an average annual increase of 97 kg
ha~! in yield and 1.23 x 10° Mg in total yield. The carbon and nitrogen footprints of Inner Mongolia
maize production over the past 20 years had overall decreasing trends, while the nitrogen fertilizer
bias productivity, net ecosystem carbon balance, and sustainability index had increasing trends.
Carbon footprint reduced by an average of 5.2 kg CO, eq Mg ™! per year, and nitrogen footprint
reduced by an average of 0.21 g N eq kg_1 per year. Currently, the transportation and production of
fertilizer and field application of N fertilizer are the main controlling factors of GHG emissions from
maize production. NO3~-N, NH*-N leaching, and NHj volatilization from field application of N
fertilizer are the main sources of reactive N losses. The application of simplified processes, such as
phased regulation of nitrogen and controlled-release fertilizers, as well as conservation tillage, have
broad prospects for emission reduction in maize production in Inner Mongolia.

Keywords: maize; carbon footprint; nitrogen footprint; life cycle assessment

1. Introduction

Agricultural production is an important source of carbon and nitrogen emissions [1].
How to effectively reduce carbon and nitrogen emissions from farmland ecosystems and
lower the environmental costs of agricultural production have become the focus of attention
for governments and scientists. Maize is one of the primary food crops and the mainstay
of food security in China [2,3]. The Inner Mongolia Autonomous Region is the third-
largest maize-producing province in China, with its maize sown area accounting for about
9.7% of the national maize sown area in 2022, and total production accounting for about
11.2% of the national total [4,5]. As a typical cold and arid region, Inner Mongolia has
long relied on large amounts of water and fertilizer inputs for maize production. The
greenhouse effect and the eutrophication of water bodies are made worse by excessive
nitrogen fertilizer input, which also results in large greenhouse gas emissions and a loss
of active nitrogen. Consequently, studying the nitrogen and carbon footprints of maize
production has significant ramifications for Inner Mongolia’s agricultural development.
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Studies have shown that agricultural sources account for about 14% of total anthro-
pogenic greenhouse gas emissions [6]. In China, agriculture greenhouse gas emissions
made up 17% of the total national greenhouse gas emissions [7]. The life cycle assessment
method focuses on tracking and quantifying the environmental effects of a crop throughout
its life cycle, from processing and transportation of agricultural inputs to field production
and post-harvest [8,9]. In recent years, with the proposal of “carbon peak”, “carbon neu-
tral”, and other related strategies, the assessment of carbon and nitrogen footprints by the
LCA method has been widely used in the evaluation of agricultural environmental effects.
GHG emissions from agricultural inputs include direct and indirect emissions. Direct emis-
sions refer to the total emission of NpO resulting from the application of nitrogen fertilizer
in the field, while indirect emissions are the total greenhouse gas emissions released during
the farming process such as plowing, planting, management, and harvesting, as well as
agricultural capital inputs. The carbon footprint is the ratio of the GHG emissions per
unit area to the unit yield and is often expressed in terms of the carbon dioxide equivalent
per ton of kernels of maize [10,11]. Based on the life cycle assessment method, the annual
carbon footprint of maize production in China from 2004 to 2013 was 400 kg CO, eq Mg},
and the overall trend for greenhouse gas emissions was rising. Among them, the southern
provinces have greater carbon footprints in grain crops than the northern provinces. The
carbon footprint per unit area and greenhouse gas emissions of maize production in China
showed a significant increase from 2005 to 2015 [12]. Simulation analysis confirmed that
reducing the planting area and optimizing fertilizer and pesticide inputs can effectively
reduce the carbon footprint of maize production [13]. The carbon footprint per unit area of
maize production in the Shanxi province, China, showed an increasing trend from 2004 to
2013, with fertilization, soil N,O emissions, and irrigation accounting for over 85% of the
total greenhouse gas emissions. Reducing the carbon footprint of maize cultivation in the
Shanxi province could be accomplished in part by enhancing organic carbon sequestration
and applying reasonable fertilizer [14]. Ramaa et al. found that 77% of the total agricul-
tural greenhouse gas emissions came from carbon emissions generated during fertilizer
production and transportation when analyzing the carbon emission structure of tropical
crop production, causing great pollution to the atmospheric environment [7]. Fertilizers
account for 90% of the total carbon input in the carbon footprint composition of maize
production in Northeast China, according to an analysis of the production of the carbon
footprint of major grain crops in the Heilongjiang, Jilin, and Liaoning provinces of China
between 2004 and 2013 [15].

The loss of active nitrogen resulting from agricultural input is known as indirect active
nitrogen loss, while the loss of active nitrogen resulting from fertilization that causes N,O
emissions, NHj volatilization, NO3~-N, and NH,*-N loss is known as direct active nitrogen
loss; these losses combined make up the cumulative active nitrogen loss in agricultural
processes. The term “nitrogen footprint” refers to the amount of active nitrogen lost during
agricultural yield production [16]. The nitrogen footprint of rice, according to the life cycle
assessment method, varies depending on whether it is early, late, or double-cropped [17].
The nitrogen footprint of the rice and wheat production system in the middle reaches of
the Yangtze River is 7.57 kg N eq ha~! per unit area [18], while the nitrogen footprint of
grain production in Mexico is relatively low [19]. With varying nitrogen application rates,
summer maize production has a very variable nitrogen footprint. The nitrogen application
rate of 100-330 kg ha~! corresponds to a nitrogen footprint range of 5.4-17.6 g N eq kg ~!. Tt
is evident that the primary source of nitrogen footprint in maize production is the leaching
of nitrate nitrogen [20]. The nitrogen footprint of maize production can be influenced by
different fertilization depths, and deep fertilization within a specific range lowers both the
nitrogen footprint and cumulative active nitrogen loss [16].

Agricultural soil carbon content depends on the input and output of soil organic
matter and is an important indicator of soil fertility. The input of soil organic matter mainly
includes crop roots, crop residues, and organic fertilizers [21]; the output is mainly through
the decomposition and transformation of soil organic matter [22]. Studies have shown that
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among the agricultural production inputs, fertilizers have both positive and negative effects
on the increase in carbon content in agro-ecosystems. An integrative analysis carried out
by Ni et al. [23] showed that nitrogen fertilizer inputs increased the aboveground biomass
of the plant and enhanced root secretions, thereby increasing the belowground carbon
inputs. It has also been found that the application of chemical fertilizers enhanced soil
respiration and related enzyme activities, increasing the emission of CO, and greenhouse
gases from farmland, which in turn led to a decrease in soil organic carbon stocks and an
increase in soil carbon export [24]. Yang et al. [25] used the net ecosystem carbon balance
and sustainability index to quantitatively analyze the changes in the carbon content of
maize production systems in the Huanghuaihai region and the sustainable outlook.

To summarize, previous research on carbon and nitrogen footprints at the national
and regional levels has clarified the characteristics and key factors influencing agricultural
production carbon and nitrogen footprint variations in corresponding regions; however,
there is a dearth of quantitative studies on the interannual evolution of the carbon and
nitrogen footprints in maize production in Inner Mongolia, and the key determinants are
still unknown. Thus, this study is based on statistical yearbook data, using the life cycle
assessment method, the nitrogen loss empirical model, and the carbon balance method,
combined with regional characteristics, to analyze the changes in carbon, nitrogen foot-
print, and the net ecosystem carbon balance of maize production in the Inner Mongolia
Autonomous Region from a temporal perspective, providing a theoretical basis for sup-
porting high-yield, low-carbon, and green sustainable development of Inner Mongolia’s
maize production.

2. Materials and Methods
2.1. Area, Crops, and Data Sources

The Inner Mongolia Autonomous Region is located in the mid-latitude interior, stretch-
ing diagonally from northeast to southwest in a narrow and elongated shape, with a
temperate continental monsoon climate for most of the region. There is sufficient sunshine,
a large variation in temperature between day and night, a high degree of precipitation
fluctuation, and a short frost-free period. This study used spring maize, one of the main
crops in Inner Mongolia.

Based on the China Rural Statistical Yearbook, the National Compendium of Cost and
Benefit Information on Agricultural Products, and the Inner Mongolia Statistical Yearbook,
data related to maize production in Inner Mongolia from 2003 to 2022 were collected and
compiled on production, planted area, fertilizer usage, pesticides, diesel fuel, mulch film,
seeds, and labor.

2.2. System Boundaries and Emission Factors

Using the LCA approach, this pilot study looked at the production and transportation
of agricultural inputs including fertilizers and pesticides, irrigation management, as well
as other field operations such as tillage and harvesting. The carbon footprint system
boundaries of the experiment included the following: the input of the whole system mainly
reflected in the production and transportation of fertilizers and pesticides, the use of
electricity in irrigation, the field application of fertilizers, machinery fuel consumption,
and other field management throughout the reproductive process, and the output mainly
reflected in the seed yield per unit of area and the GHG emissions caused by the various
production processes within the system boundary (Figure 1). The nitrogen footprint
system boundaries were as follows: the input component was mainly the production and
transportation of fertilizers and pesticides, the field application of fertilizers, machinery
fuel consumption, and mulch and seeds, and the output was reflected in seed yield per unit
area, reactive N losses including NO3;~-N, NH3, NH;*-N, and field N,O emissions from
N fertilizer application (Figure 1). As agricultural machinery, pumps, and other related
equipment were reusable, their production, delivery, and labor force were excluded from
the system.
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Figure 1. Carbon and Nitrogen footprint system boundary.

The functional units used in this study were unit area (per hectare) and unit yield
(per ton) [26]. The key environmental impact indicators were GHG emissions and carbon
footprint, reactive nitrogen loss and nitrogen footprint, net ecosystem carbon balance,
and the sustainability index caused by various inputs and management measures during
maize production.

The China Core Life Cycle Database (CLCD), IPCC Guideline No. 1, National De-
velopment and Reform Commission (NDRC), Ecoinvent database, and the related classic
literature were consulted to obtain emission factors such as agricultural inputs (Table 1).
The LCA method was used to calculate GHG emissions and reactive nitrogen losses from
maize production.

Table 1. Carbon emission co-efficient and active nitrogen emission co-efficient of agricultural input
data [18,20,27,28].

Greenhouse Gas Cumulative Reactive

Input Unit Emission Rate N Losses

(kg CO; eq) (kg N eq)
Nitrogen fertilizer kg N 8.30 0.89 x 1073
Phosphate fertilizer kg P,Os 2.33 0.54 x 1073
Potash production kg K,O 0.66 0.03 x 1073
Pesticide kg 18.0 4.49 x 1073
Agricultural film kg 2.5 12.03 x 1073
Diesel L 37 458 x 1073

Labor person per day 0.86 —

Seed kg 1.93 0.14 x 1073

2.3. Indicator Accounting and Methods
2.3.1. Carbon Footprint

This study calculated the GHG emissions and carbon footprint of the whole life cycle
of maize production using the LCA method. The GHG emissions of the whole life cycle
consisted of two parts: (1) CO; emissions from all material inputs in the production and
transportation stages, calculated by emission factors multiplying inputs; (2) total N,O
emissions from field application of nitrogen fertilizer. The relevant calculation formulas are
as follows [25,29-31]:

CF=GHG/Y
GHG = GHGippy: + Totaln,o X 44/28 x 298
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GHGinput = 27:1 m;p;

Totaln,0 = N2Oemission + 1% X NHj3 yolatilization + 2-5% X NO3_leaching
N3Oemission = 0.68 x €(0.0035 X Nrate)
NOB_leaching =2.38 x €(0.0041 X Niate)
NH3 volatilization = 2-53 + 0.058 X Nrate
Nsurplus =N — Nuptake
Nuptake =Y X 0.86/0.845 x seed nitrogen uptake

where CF denotes the carbon footprint per unit mass of maize produced (kg CO, eq kg™1);
Y denotes the yield per unit area produced (kg ha~!); GHG denotes the GHG emis-
sions over the whole life cycle (CO, eq ha~'); GHG input denotes the GHG emissions
(kg CO; eq ha™!) caused by the production of various agricultural materials (fertilizers,
pesticides, diesel fuel, and mulch film); m; denotes the amount of a certain agricultural
input (kg ha=?!); B; denotes the GHG emission coefficients; total N,O denotes the reactive
nitrogen emissions caused by the application of fertilizers into the farmland, in which
N2 O emission, NO3 ™ jeaching, and NHj yolatilization are the NoO emission, nitrate nitrogen
leaching and ammonia volatilization caused by fertilizer application to the environment,
respectively (kg N ha—!); N is the pure nitrogen content of fertilizers applied at the stage of
crop cultivation, respectively (kg ha='); Nsurplus is nitrogen surplus (kg N ha—1); 0.86/0.845
is the yield conversion value; and seed nitrogen uptake is 0.198 kg N kg ! [24].

2.3.2. Nitrogen Footprint

Based on the LCA methodology, the nitrogen footprint is converted from different
forms of reactive nitrogen to eutrophication potential for summation [17,32-34]:

NF = (NFyoya1/Y) /1000
NFotal = NFinputs + NFn,0 + NFNp, + NFnp, © + NFno, ™

n
NFinputs = Zi:l m;t;

NFy,0 = Totaln,0 X 44/28 x 0.476
1\TFNH3 = NH3 yolatilization X 17/14 x 0.833
NFyp,* =N x v x 18/14 x 0.786
NFno,” =N x 0 x 62/14 x 0.238
PFPN =Y/N

where NF denotes the nitrogen footprint of producing a unit mass of maize (g N-eq kg~!);
Y denotes the yield per unit area (kg ha~!); NF,. denotes the reactive nitrogen loss
considered during the whole life cycle (kg N-eq ha~1); 1000 is the unit conversion coefficient;
NFinputs is the indirect reactive N loss caused by agricultural inputs lost during production,
transportation, etc.; NFy,0, NFnn,, NFnp, , and NFyo, ~ are reactive N lost by the crop
over the whole life cycle (kg N eq ha~!); N denotes the amount of nitrogen applied (kg);
o denotes the NO3 ™ jeaching coefficient of maize during reproduction, which is 0.226 [35];
62/14 and 18/14 are the ratios of molecular weights of NO3~-N and NH;*-N; and 0.476,
0.833, 0.786, and 0.238 are the eutrophication potential coefficients of N,O, NH3, NH;* and
NO3~, respectively [36].

2.3.3. Net Ecosystem Carbon Budget

The Net Ecosystem Carbon Budget was used to represent the change in soil organic
carbon content. The formula is as follows [37]:

NECB = Cinput - Coutput
Cinput = Crrw + CNpP
Coutput = CHR + CGHG: CHR + GHG x 12/44
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where Cippyt is the carbon input, including external input and crop sequestration input. In
this study, the external input was only considered as the carbon input of straw returned
to the field [38]. Crrw (residues of straw in the field) is the carbon content of the residues
of straw in the field after harvest (kg C ha~!), which was calculated as the carbon content
of the crop multiplied by the amount of straw returned to the field. The amount of straw
returned to the field was estimated by the harvest index (HI) and the stover return rate for
maize production in Inner Mongolia was estimated. The harvest index, HI, is the ratio of
dry matter production of kernels to total aboveground dry matter production; HI for maize
production in Inner Mongolia was 0.443 [8]. The stover return rate was 24.57% [39]. The
biomass carbon content coefficient was taken as 0.45 [40]. NPP (kg ha~!) is net primary
productivity. Cnpp is net primary productivity carbon sequestration (kg C ha—!), which
was calculated by the following equation.

CNPPZCG+C5+CR+CER+CL
CG = YP x 0.45
Cs =Yp x (1 — HI)/HI x 0.45
CR = YP/(S/R X HI) x 0.45
CEgr = Cr X Ygr

where Cg, Cg, Cr, and Cgp are the crop grain, stover, root, and inter-root carbon contents
(kg C ha™!), respectively, which are the biomass of the plant grain, stover, roots, and
inter-roots multiplied by the carbon concentration; Yp is the aboveground dry matter
yield of maize; Ys is the amount of maize stover in kg ha—1;S/R is the crown/root ratio,
and YgR is the extra root carbon relative to the recoverable root factor (the inter-root
deposition carbon)—the S/R and Ygr conversion factors for maize were 5.60 and 0.65,
respectively [41,42]; and Cy, is the carbon content of maize residues during the reproductive
period (kg C ha—1), and we assumed that the residue biomass accounted for 5% of the
aboveground biomass.

Coutput is the carbon output, where Cyp is harvested grain carbon and stover carbon
(kg C ha™1). Cgug is the total field GHG carbon emissions, including indirect carbon
emissions from various agricultural inputs (mulch, fertilizer, machinery, etc.) and total field
N;O emissions, i.e., GHG carbon emissions from maize production over its entire lifecycle.
The value 12/44 refers to the conversion between the CO, and C coefficient.

2.3.4. Sustainability Index

The productivity and carbon allocation of the maize production system are quantified
by the carbon-based sustainability index (SI), which is the ratio of the difference between
carbon inputs and outputs to total carbon inputs. SI is used to assess the sustainability of
the maize production system and calculated using the following formula [25,43]:

SI=(Cp, — Cg)/Cg
CPZCG+C5+CR+CER

where Cp refers to the total amount of carbon produced by maize, including carbon
contents of maize kernels (Cg), stover (Cg), roots (Cr), and inter-roots (CEgR); Cg is the
GHG emissions calculated using the LCA method. Both Cp and Cg were measured in
kg Cha™ 1.

2.4. Statistical Analysis

An analysis of variance (ANOVA) was performed using SPSS 22 (IBM, Inc., Armonk,
NY, USA). The differences among means of the experimental treatments were separated
using the least significant difference (LSD) test at a 0.05 probability level. Origin 2019
(Origin Lab, Northampton, MA, USA) software was used to plot graphs. Microsoft Excel
2019 (Redmond, WA, USA) was used to organize the data and generate tables.
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3. Results
3.1. Interannual Variation in Maize Sowing Area and Yield in Inner Mongolia

From 2003 to 2022, the maize planting area, yield, and total production in the Inner
Mongolia Autonomous Region all increased. Yield and total production showed a linear
growth trend with the advancement of the year, which conformed to the linear relationship
y = 1.23x — 2456.89 and y = 0.097x — 188.54, respectively (Figure 2). During the 20-year
period, the planting area expanded by 163.67%, the average yield increased by 32.25%, and
total yield increased by 248.64%. The average annual yield increase was 97 kg ha~! and the
average annual total yield increase was 1.23 million tons (Table S1).
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Figure 2. Changes in maize yield per unit area, sown area, and total yield in Inner Mongolia from
2003 to 2022.

3.2. Characteristics of Interannual Variation in Maize Production Inputs in Inner Mongolia

With the advancements in dense planting and high-yield, single-grain precision sow-
ing, water and fertilizer integration, and complete mechanization technologies, inputs such
as farm materials and costs in the maize production chain are constantly changing, pushing
the maize yield to increase continuously. From 2003 to 2022, nitrogen fertilizer inputs in
maize production in Inner Mongolia showed a trend of first increasing and then decreasing,
while phosphorus fertilizers and potash fertilizers inputs showed a trend of increasing.
The average inputs of nitrogen, phosphate, and potash fertilizers were 211.1 kg ha™!,
107.8 kg ha~!, and 26.4 kg ha~!, respectively (Table 2). Pesticide, mulch, and diesel inputs
all showed an increasing trend, while seed use and labor showed decreasing trends. There
were large interannual variations in the various production inputs, with the average inputs
of pesticide, mulch, diesel, seed, and labor being 4.1 kg ha=1, 12.2 kg ha-!,76.0Lha},
37.1kgha~!, and 71.2 day ha™!, respectively.

A principal component analysis was conducted to analyze the indicators of maize
production and related cost inputs in Inner Mongolia for 20 years (Figure 3a). The results
showed that the inputs of phosphate fertilizer, potash fertilizer, agricultural film, pesticide,
and mechanical diesel were significantly positively correlated with seed yield. Phosphate
and potash fertilizer showed a stronger correlation with yield in the direction of PC1. This
is because in recent years, with the promotion of soil testing and formula fertilization, the
nutrient distribution ratio in maize production became more reasonable, the application
of phosphorus and potassium fertilizer received more attention, and inputs continue to
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increase. At the same time, the application of new planting patterns and higher degrees of
mechanization resulted in gradual increases in the amount of mechanical fuel, agricultural
film, and pesticides. The correlation between the amount of nitrogen fertilizer and yield is
not significant, mainly due to the nitrogen fertilizer’s trend of first increase then decrease,
and the small overall changes in input. The contribution of nitrogen fertilizer to yield is
mainly reflected in the optimization of application. Seed and labor inputs were significantly
negatively correlated with yield. This was mainly due to the single-grain precision sowing
technology and increased mechanization level of maize, which greatly reduced seed dosage
and labor inputs.

Table 2. Maize production investment in Inner Mongolia Autonomous Region from 2003 to 2022.

Year N P,05 K,O Pesticide  Agricultural Film  Diesel Seed Labor
(kgha1) (kgha™1) (kgha1) (kgha™1) (kgha—1) (Lha=1) (kgha=1) (dayha?1)
2003 177.5 489 9.0 2.3 7.5 70.4 55.5 133.5
2004 191.0 85.7 12.1 2.4 8.6 76.4 46.8 131.7
2005 206.0 75.1 16.6 2.3 8.7 65.5 444 126.8
2006 223.0 86.2 15.0 1.8 10.5 74.0 40.5 101.7
2007 231.6 97.3 12.4 2.2 8.9 67.1 423 102.2
2008 213.2 83.5 19.9 2.6 8.4 56.8 41.0 98.6
2009 206.5 88.7 17.6 3.1 9.0 71.7 414 93.2
2010 223.0 105.9 16.8 5.8 10.5 53.6 38.3 77.9
2011 223.0 109.1 23.7 5.8 11.3 66.4 404 78.6
2012 209.8 106.6 21.0 5.4 10.5 49.6 38.3 73.7
2013 203.4 112.4 22.0 5.8 14.9 474 36.8 63.3
2014 210.9 118.0 28.3 4.6 13.7 76.5 345 58.5
2015 207.6 117.8 36.0 5.1 13.4 109.0 31.2 55.5
2016 237.5 126.3 29.5 4.2 12.2 98.2 31.5 44.0
2017 227.0 123.6 32.8 49 11.1 86.8 31.7 36.9
2018 222.3 129.3 439 43 14.6 82.3 29.7 359
2019 218.9 131.6 40.2 44 15.9 94.8 31.2 314
2020 196.5 139.0 43.1 4.6 18.0 114.4 28.7 29.3
2021 189.6 130.3 455 5.5 18.0 79.8 30.0 27.5
2022 203.4 139.9 42.6 5.6 18.5 79.3 28.2 249
Average value 211.1 107.8 26.4 4.1 12.2 76.0 37.1 71.2
3 1 N ar
Carbon footprint
2 4 2|
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Figure 3. Principal component analysis of yield and agricultural input (a) and carbon footprint and

its component factors (b).
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3.3. Temporal Changes in Carbon Emissions and Carbon Footprint of Maize Production

As the year went by, the overall carbon footprint of maize production in Inner
Mongolia showed a decreasing trend, which was consistent with the linear relationship
y = —5.23x + 1054.33. The maximum carbon footprint was in 2007 at 606.4 kg CO, eq Mg 1,
while the minimum was in 2021 at 445.2 kg CO, eq Mg~ !. The average carbon footprint
reduction was 5.2 kg CO, eq Mg~ ! per year. GHG emissions showed a wave-like trend,
with two obvious peaks during the 20-year period, corresponding to 2007 and 2016. The
highest emission in 2016 was 3733.9 kg CO, eq ha~!. The two troughs corresponded to
2013 and 2021, with emissions of 31,170.0 kg CO, eq ha~! in 2021. Maize production
average GHG emissions from 2003 to 2022 were 3342.3 kg CO, eq ha~!. The average
amount of GHG emissions from each step in the maize production chain is in the order of
the following: fertilizer production and transportation > nitrogen fertilizer field application
> diesel consumption of agricultural machinery > pesticide production and transportation
> seed > labor > mulch. GHG emissions from fertilizer production and transportation and
field application of nitrogen fertilizer were the two major sources of total GHG emissions,
accounting for 84.7% of the total GHG emissions. With 8.3% of the total, fuel consumption
by agricultural machinery was the third-highest. Other processes accounted for 7.0% of the
total GHG emissions (Figure 4).

3 Labor BN Spring maize seed —®— Carbon footprint 800
40001 = Pesticide [ Diesel —y=-5.23x+11054.33
[ Agricultural film 1 N field application T Fertilizer production and transportation
= =
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Figure 4. Greenhouse gas emissions and carbon footprint of maize production in Inner Mongolia
from 2003 to 2022.

Correlation analysis showed that carbon footprint was significantly positively cor-
related with the production, transportation, and field application of N fertilizers, total
greenhouse gas emissions, seed dosage, and labor. GHG emissions and total emissions
caused by N fertilizers and field application showed stronger correlations with carbon
footprint in the direction of PC2, and the correlation between seed dosage, labor, and, car-
bon footprint was stronger in the direction of PC1. The carbon footprint was significantly
negatively correlated with yield, phosphorus and potassium fertilizer, pesticide, diesel
fuel, and agricultural film usage, while GHG was significantly positively correlated with
yield (Figure 3b). It can be seen that the input of agricultural materials such as nitrogen
fertilizer directly affected greenhouse gas emissions, while the input of agricultural materi-
als promoted yield improvement, which resulted in a reduction in carbon footprint when
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the rate of yield improvement outpaced the rate of carbon emission. Therefore, ongoing
optimization of maize production management is necessary to achieve high yield and
low emissions.

3.4. Characterization of Interannual Variation in Reactive Nitrogen Losses and Nitrogen Footprint
of Maize Production

The total nitrogen footprint of maize production in Inner Mongolia decreased as the
year went on, and followed the linear relationship between nitrogen footprint and year
y = —0.21x + 440.71. The nitrogen footprint was highest in 2007 at 19.2 ¢ N eq kg !, and
lowest in 2021 at 12.9 g N eq kg ™!, with an average year reduction of 0.21 g N eq kg~ !.
During the 20-year period, reactive nitrogen loss had a wave-like changing pattern, with
two distinct peaks corresponding to 2007 and 2016, a maximum of 113.9 kg N eq ha—! in
2016 and a minimum of 94.7 kg N eq ha~! in 2021, and an average reactive nitrogen loss
of 101.5 kg N eq ha~! from 2003 to 2022. For the composition of reactive N losses, at an
average of 49.6%, NO3 ~-N leaching was the main source of reactive N losses, followed by
NH,*-N loss at 36.8%, and NHj volatilization at 12.1%, while the total reactive nitrogen
losses from agricultural inputs and nitrous oxide emissions in maize production was only
1.5%. The overall interannual change in N fertilizer bias productivity of maize production
showed an increasing trend, consistent with the linear relationship y = 0.41x — 788.88. N
fertilizer bias productivity had a minimum of 24.9 kg kg ! in 2007 and a maximum of
37.6 kg kg~ ! in 2021, with an average annual increase of 0.41 kg kg ! (Figure 5).
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Figure 5. Cumulative reactive N losses, nitrogen partial productivity, and nitrogen footprint of maize
production in Inner Mongolia from 2003 to 2022.

The correlation analysis of the nitrogen footprint and its components revealed that
the nitrogen footprint was significantly positively correlated with N surplus, NOs™-N,
NH,*-N leaching, NHj volatilization, and N,O emission, and significantly negatively
correlated with N fertilizer bias productivity, yield, and loss of reactive N due to agricultural
inputs (Figure 6a). It is evident that the application of N fertilizer can be optimized
to reduce ammonium N, nitrate N leaching, and ammonia volatilization through the
measures of controlled-release fertilizer or fertilizer split follow-up application to reduce
N surplus, improve N fertilizer bioproductivity, and ultimately achieve the reduction in
nitrogen footprint.
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Figure 6. Principal component analysis of Nitrogen footprint and its component factors (a) and
carbon balance and related factors (b).

3.5. Characterizing Interannual Variability in the Net Ecosystem Carbon Balance and
Sustainability Index of Maize Production

The carbon input to maize production in Inner Mongolia was the sum of the carbon
input from straw return and net primary productivity sequestration, which accounted
for 9.2% and 90.8%, respectively, from 2003 to 2022, while 87.7% and 12.3% of the carbon
output came from harvested removed carbon and greenhouse gas emission carbon, re-
spectively. Both the carbon input and carbon output reached the highest levels in 2022,
at 11.1 Mg C ha~! and 8.4 Mg C ha~!. As the year progressed, the net ecosystem carbon
balance of maize production showed an overall upward trend, peaking at 2.7 Mg C ha~! in
2022 and conforming to the linear relationship y = 0.043x — 85.29, with an average annual
increase in carbon sequestration of 0.043 Mg C ha~! (Figure 7).
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Figure 7. Net ecosystem carbon balance and sustainability index of maize production in Inner
Mongolia from 2003 to 2022.
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The sustainability index showed an overall upward trend with interannual changes,
conforming to the linear relationship y = 0.096x — 185.23. With an average annual increase
of 0.096, the minimum of 7.0 was in 2007. In 2020 it was over 9.0, and reaching a maximum
of 9.8 in 2021. This indicates that the production capacity of the maize production system of
Inner Mongolia has been increasing with interannual changes. The correlation analysis of
the net ecosystem carbon balance and its components showed that the net ecosystem carbon
balance was significantly and positively correlated with the carbon content of phosphorus
and potassium fertilizers, pesticides, mulch, and fuels, net primary productivity, and the
sustainability index, and significantly and negatively correlated with carbon and nitrogen
footprints and artificial seed carbon. The carbon and nitrogen footprints were significantly
and negatively correlated with the sustainability index (Figure 6b).

4. Discussion

From 2003 to 2022, Inner Mongolia’s maize planting area, yields, and total yields all
increased. Nitrogen fertilizer and pesticide inputs followed a pattern of first increasing and
then decreasing, whereas phosphorus fertilizer, potash fertilizer, mulch film, and diesel
fuel inputs climbed year after year, while labor and seeds inputs declined. The ongoing
improvement of mechanization levels, as well as small farmers’ transition from manual to
mechanical harvesting, were responsible for the increase in production fuel inputs and the
obvious reduction in labor inputs. At the same time, the promotion of single-grain precision
sowing technology reduced both the quantity and cost of seed sowing. In addition, the
popularization and application of innovative technologies such as conservation tillage
mode, shallow drip irrigation, and water—fertilizer integration, as well as the development
of new types of fertilizers and the application optimization reduced nitrogen fertilizer
dosage, increased phosphorus and potassium fertilizer, improved fertilizer utilization rate,
contributing to the continued breakthrough and improvement of yield levels.

Inner Mongolia’s maize production area is located in the transition zone of Daxingan-
ling to the northeast plains, has relatively thin soil, and is typically cold and dry. Maize
production has traditionally relied heavily on water and fertilizer inputs, particularly nitro-
gen fertilizer inputs. Excessive nitrogen fertilizer inputs not only fail to increase yield but
also result in nitrogen surpluses, which aggravate the environmental costs. Between 2003
and 2022, the greenhouse gas emissions from maize production in Inner Mongolia showed
a wave-like trend, with an average greenhouse gas emissions of 3381.9 kg CO, eq ha™!,
3.8% lower than the national average [29]. Two significant peaks appeared in 2007 and 2016,
followed by a clear decline, mainly due to the implementation of “formula fertilization by
soil testing” and “high-yield creation activities” in 2006, and the “zero growth in fertilizer
and pesticide use by 2020” target proposed by the Ministry of Agriculture and Rural Affairs
in 2015. The implementation of these policies, optimized nitrogen, phosphorus, and potas-
sium fertilizer application ratios, together with better seed varieties and better planting
techniques increased maize yields in the province. The greenhouse gas emissions and
reactive nitrogen loss exhibited a year-on-year decline in the positive trend after peaking.
With an average carbon footprint of 526.6 kg CO, eq Mg ™!, the overall carbon footprint of
maize production in Inner Mongolia showed a decreasing trend, which was higher than
that of developed countries like Germany (420 kg CO, eq Mg~!) and the United States
(231 kg CO, eq Mg~ 1) but lower than China’s average level of 621 kg CO, eq Mg ™! [26,44].
This study found a significant positive correlation between greenhouse gas emissions and
nitrogen fertilizer production, transportation, and field application of nitrogen fertilizer. Fer-
tilizer production and transportation and field application of nitrogen fertilizer accounted
for 84.7% of the total GHG emissions, followed by machinery fuel consumption accounting
for 8.3%. These are the primary sources of carbon footprint and greenhouse gas emissions;
these findings are in line with the results of previous studies [45,46]. Therefore, the key to
lowering carbon emissions in maize production is to optimize fertilizer application and use
less mechanical fuel. Fertilizer input can be decreased and yield can be increased by using
new controlled-release fertilizers and phase regulation of conventional fertilizers to meet
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the nutrient requirements of maize growth. This will lower the carbon emissions per unit
yield of farmland while also increasing yield [47,48]. Furthermore, it is crucial to increase
the promotion of conservation agriculture practices given the estimated 8 million hectares
of conservation agriculture in China and the 1 million hectares of conservation farming
in Inner Mongolia. Conservation tillage techniques not only increase soil fertility but also
lower carbon emissions from mechanical fuel use by using less or no tillage [49,50].

As the year progressed, the nitrogen fertilizer bias productivity of maize production
in Inner Mongolia increased, with an average annual increase of 0.41 kg kg~!. The overall
nitrogen footprint decreased, with an average nitrogen footprint of 10.6 g N eq kg~ !. In
2022, the nitrogen footprint was lowest at 8.55 g N eq kg ~!, which was close to the nitrogen
footprint of dry-crop maize recorded by WuPeng et al. at 8.24 g N eq kg~! [16]. The high
nitrogen footprint prior to 2016 was mainly caused by high reactive N losses as a result of
significant water and fertilizer inputs in the irrigation-dominated region of Inner Mongolia.
Lian Bingrui et al. [51] found that ammonia volatilization and nitrate-nitrogen-ammonium
nitrogen leaching from the field application of nitrogen fertilizers were the main emission
sources of reactive nitrogen loss, which was consistent with the results of this study. The
percentages of nitrate-nitrogen, ammonium-nitrogen leaching, and ammonia volatilization
due to fertilizer application in maize production in total reactive nitrogen loss were 49.6%,
36.8%, and 12.1%, respectively. All three directly affected the reactive N loss and indirectly
affected the nitrogen footprint. Overall, the carbon and nitrogen footprints of maize
production in Inner Mongolia showed decreasing trends. Maize yields increased by 32.3%
and carbon and nitrogen footprints decreased by 11.2% and 13.7% over the past 20 years.
This means that for every 1 kg of maize kernels produced, the amounts of carbon emissions
and reactive nitrogen loss are gradually declining, and the overall environmental costs
are gradually decreasing. In order to meet the “double carbon” target as soon as possible,
further optimization of fertilizer application, implementation of precision fertilization,
adoption of conservation tillage, and large-scale planting management are effective ways
to achieve high-yield, low-carbon, and green development.

The net ecosystem carbon balance is an important indicator for measuring the dynamic
balance of carbon input and carbon output in agricultural ecosystems. It is usually in a
good dynamic balance state without external interference [52] and is the result of the
joint action of adding new carbon sources to the soil, decomposing and assimilating the
system’s carbon input with the original carbon pool [53]. Therefore, it is important to
increase farmland carbon input and decrease farmland carbon output through organic
fertilization and straw return techniques to improve the net ecosystem carbon balance.
The net ecosystem carbon balance of maize production in Inner Mongolia showed a linear
increasing trend during the period of 2003-2022, with an interannual average value of
2.2 Mg C ha~!. The largest share of carbon sequestered in net primary productivity of
maize production was 90.8%, and the share of carbon input from stover returned to the
field was 9.2%. In carbon output, harvested removal made up 87.7%, and greenhouse gas
emissions from farmland made up 12.3%. It can be seen that straw return to the field is an
effective carbon sequestration pathway [54,55]. The process raises the net ecosystem carbon
balance by enhancing the carbon input while lowering the amount of straw carbon removed
during harvesting. The sustainability index showed an increasing trend in fluctuation with
interannual changes, especially in the five years following 2015, when peaked at 9.8 in 2021.
This is mainly because, in 2015, the Ministry of Agriculture and Rural Affairs proposed
the “zero growth in fertilizer and pesticide use by 2020” goal. Inner Mongolia has since
realized fertilizer reduction and efficiency improvement, pesticide reduction, and pest
control while achieving steady reductions in the environmental cost of maize production,
gradually improving the production capacity of the maize production system.

5. Conclusions

From 2003 to 2022, the maize planting area, yields, and total yields in Inner Mongolia
all increased with an average annual increase of 97 kg ha~! in yields and an average
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annual increase of 1.23 x 10° Mg in total yields. Over the past 20 years, the carbon and
nitrogen footprints of maize production in Inner Mongolia generally showed downward
trends, while the nitrogen fertilizer bias productivity, net ecosystem carbon balance, and
sustainability index exhibited upward trends. The average annual reduction in carbon
footprint was 5.2 kg CO, eq Mg~!, whereas the average annual reduction in nitrogen
footprint was 0.21 g N eq kg~!. There was an average annual increase of 0.41 kg kg~!
in nitrogen fertilizer bias productivity, 43 kg C ha~! in the net ecosystem carbon balance,
and 0.096 in the sustainability index. Fertilizer production, transportation, and N fertilizer
field application are the main controlling factors of GHG emissions in maize production.
NO;~-N, NH4*-N leaching, and NHj volatilization from N fertilizer field application are
the main sources of reactive N losses. Based on the regional climate characteristics of Inner
Mongolia, we will focus on analyzing the correlation between the carbon and nitrogen
footprint of maize production in various ecological types and weather in the future. At
the same time, it is necessary to strengthen the research and application of simplified
operations such as the phased regulation of new controlled-release fertilizers and nitrogen
fertilizers, as well as protective tillage, and continuously promote the green and sustainable
development of Inner Mongolia’s maize production system.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy14061273/s1, Table S1: Changes of maize yield per
unit area, sown area and total yield in Inner Mongolia from 2003 to 2022.
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