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ARTICLE INFO ABSTRACT

Keywords: Mountain vegetable production has become a critical source of low heat-resistance vegetables in summer in

Life-cycle assessment subtropical regions, but evaluations based on life-cycle assessment (LCA) that are relevant to the environment

gab;agff . and economics have not been reported. We conducted a survey to compare the cabbage yield and resource inputs
roductivity

for small-holder farms at a high (HEL, 900-1500 m) and low (LEL, 200-600 m) elevations in a subtropical region
in Southwest China. We used LCA to quantify the nitrogen (N) and carbon (C) footprints, and used the yield and
environmental impacts gap method to determine the potential to mitigate the environmental impacts of farming
at HELs and LELs. The results show that the respective average reactive N (Nr) and greenhouse gas (GHG)
emissions for the HEL and LEL were 137.0 kg N ha~! and 6785 kg COy-eq ha™?, and 126.7 kg N ha~! and 6153 kg
CO-eq ha™}, respectively. The N and C footprints for the HEL were 17.3% and 16.2% lower, respectively, than
those for the LEL due to the higher yield at the HEL. The average cabbage yield was 26.5% greater at the HEL
(53.2 t ha™!) than at the LEL (42.0 t ha1). The average total N application rate at the HEL was 455 kg N ha™},
which was 6.0% greater than that at the LEL. There was great potential for yield increases and the mitigation of N
and C footprints by farmers at both the HEL and LEL. Compared to the average of all surveyed farmers for HEL
and LEL, those farmers whose yields and N fertilizer production efficiency were both higher than the average of
all surveyed farmers (HH groups) reduced their N and C footprints by 44.7-49.4% and 44.4-51.2%, respectively,
with 34.4-52.3% higher yield and 9.2-19.8% lower N application rate. This study indicates that high yield, low
environmental cost, and high economic benefit can be achieved by advancing agronomic management based on
the best farmers’ practices for vegetable production in a subtropical high-elevation mountain region.

Environmental impact
Mitigation potential

1. Introduction

Developing a sustainable vegetable production system is currently
one of the main concerns for sustainable intensification of global agri-
culture. Greenhouse vegetable production in temperate regions solves
the problem of vegetable supply being limited by low temperatures in
winter, and mountain vegetable production in subtropical regions solves
the problem of low heat-resistance vegetable production being limited
by high temperatures in summer. China produces half of the world’s

vegetables, and mountain vegetable production has developed rapidly in
China in recent decades. At present, mountain vegetable production
accounts for 11.4% of the total vegetable production in China and 12.4%
of the vegetable planting area in China (Qiu, 2017; China Statistical
Yearbook, 2018). Furthermore, vegetable planting area will continually
expand to higher elevations in mountainous regions as a result of global
warming (Yao et al., 2017a; 2017b). Thus, the resource inputs and
environmental impacts of mountain production need to be considered.

The nitrogen (N) and carbon (C) footprints represent the reactive N

Abbreviations: HEL, high-elevation level; LEL, low-elevation level; GHG, greenhouse gas; LCA, life cycle assessment; Nryp, the Nr emissions per profit USD during
cabbage production; GHGyp, GHG emissions per profit USD during cabbage production.
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(Nr) and greenhouse gas (GHG) emissions during the per unit weight
production of vegetable products (Fan et al., 2018; Liang et al., 2019),
and they are important factors for evaluating the sustainability of the
agricultural production system. In recent decades, life cycle assessment
(LCA), as a standardized ISO methodology, has been used widely to
quantify the Nr loss and GHG emissions across all production stages
(Romero-Gamez et al., 2014; Payen et al., 2015). In recent years, the
environmental issues related to intensive vegetable production through
the LCA method have received increased attention (Wang et al., 2018a;
Zhou et al., 2019). Previous studies quantified the resource inputs and
Nr and GHG emissions for a vegetable production system in a specific
region for a specific crop, identified the major contributors, and
compared the environmental impacts of different management prac-
tices, including optimizing fertilization rates, conventional open fields
versus greenhouses (Martinez-Blanco et al., 2011), organic versus con-
ventional farming (Venkat, 2012; He et al., 2016), and inorganic fer-
tilizer only versus partially replacing inorganic fertilizer with organic
fertilizer (Zhou et al., 2019). However, most of these studies focused on
vegetable production in flat, low-elevation areas in temperate regions.
Large differences in Nr and GHG emissions from vegetable production
may exist between high-elevation (mountain) areas and low-elevation
(conventional open field or greenhouse) areas in subtropical regions
due to large variations of soil conditions, climate conditions, field
management practices, etc. Several questions about these differences
need to be answered. Does the higher price (compared to the price of low
heat-tolerance vegetables produced in lower elevations) drive greater
fertilizer inputs and consequent higher N and C footprints in the sub-
tropical high-elevation region? What is the theory of vegetable yield in
the subtropical high-elevation region, and how will it affect the N and C
footprints? Empirical studies addressing these questions are lacking.

Mitigating N and C footprints is critical to achieve sustainable agri-
cultural production (Gerber et al., 2016; Fan et al., 2017). Large varia-
tions in environmental impacts related to crop production exist among
farmers in the same region due to large differences in inputs. For
example, our previous study indicated that GHG emissions in the plastic-
greenhouse pepper production system in the Yangtze River Basin, China,
ranged from 5.3 x 10% to 8.0 x 10% kg COz-eq ha™! (Wang et al., 2018a).
Great mitigation of environmental impacts can be achieved through
advanced nutrient management practices in cash crop production
(Brentrup et al., 2004; Wang et al., 2018b). For example, the high yield
and high N fertilizer use efficiency (HH) group, with the best nutrient
management practice, substantially improved yield by 35.0% and
minimized the environmental impact by 37.3% in an open-field pepper
production system in China (Wang et al., 2018b). Potential for yield
increase and mitigation of environmental impacts for vegetable pro-
duction among farmers in high-elevation mountainous areas may exist
due to large variations in inputs. However, the extent of these potentials
for vegetable production in the subtropical high-elevation mountainous
regions remains poorly studied.

Southwest China is the largest region of mountain vegetable pro-
duction in China, accounting for 49.3% of the country’s mountain
vegetable planting area and 40.3% of its mountain vegetable production
(Qiu, 2017; Zhang et al., 2017; China Statistical Yearbook., 2018). Due
to its great elevation differences and diverse ecosystems, it is also a re-
gion with typical vegetable production in both flat plains with low
elevation and mountainous areas with high elevation. Cabbage is the
major low heat-resistance vegetable grown in this region. Here, we used
farm survey data and a farmer grouping method to conduct a life cycle
assessment (LCA) to: 1) identify the resource inputs and N and C foot-
prints for cabbage production in the high-elevation mountainous region
of Southwest China; 2) compare the differences in resource input, yield,
net profit, and N and C footprints of the cabbage production between
high- and low-elevation levels; and 3) analyze the potentials for yield
increase and mitigation of N and C footprints of farmers. We sought to
provide a means to achieve sustainable vegetable production by
leveraging locally available technologies and climate resources in the
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subtropical high-elevation mountain region.
2. Materials and methods
2.1. Study area and vegetable crop

The survey was conducted from November 2018 to January 2019 in
Wuling Mountain in Wulong County, Chongqing, China (29°02'-29°40
N, 107°14'- 108°05’ E), which is characterized by extremely hot sum-
mers (Fig. 1). The climate is humid subtropical monsoon. The elevation
of vegetable field ranges from 175 to 1800 m. Cabbage (Brassica oleracea
var. capitata L.) is the major vegetable crop in this region and accounts
for 29.3% of the entire vegetable planting area, with an average planting
area of 0.2 ha per farmer.

2.2. Environmental impact assessment

2.2.1. Inventory analysis

First, we divided the surveyed cabbage farmers on Wuling Mountain
into two elevation levels (Qiu, 2017; Zhang et al., 2017): a high-
elevation level (HEL, 900-1500 m), with a cabbage growth period
from April to July, average monthly rainfall of 129.5 mm, and average
monthly air temperature of 18.3 °C, and a low-elevation level (LEL,
200-600 m), with a growth period from March to June, average monthly
rainfall of 123.6 mm, and average monthly air temperature of 20.5 °C.
Second, 50 farmers from two rural towns in each elevation level were
randomly selected. The survey also involved two dealers from each
elevation level who were engaged in selling seed, fertilizers, pesticides,
and plastic film or purchasing vegetables from the surveyed farmers.
Face-to-face interviews of farmers were conducted to collect information
about their field management practices in cabbage production. The
survey of dealers focused on the market price of cabbage and each
resource.

2.2.2. System boundary

This study focused on cabbage production (from seeding to harvest),
which was divided into the agricultural materials stage (MS) and the
arable farming stage (FS). The agricultural materials stage considered
the production and transport of each input (inorganic and organic fer-
tilizers, pesticides, diesel fuel, and plastic film); however, the impact of
seed was not considered because it was applied in small quantities. The
arable FS included the application of fertilizers and pesticides to the
farmland, and the use of diesel by agricultural machinery. This study
focused on the Nr and GHG emissions associated with the field man-
agement. The functional units for analysis were “per hectare”, “per
tonne”, and “per unit of net profit made by cabbage production”, as
these could clarify environmental performance well.

2.2.3. Environmental cost assessment

2.2.3.1. Nremissions and N footprint. Nr emissions were quantified from
the perspective of LCA according to ISO guidelines (ISO-14040, 2006a,
2006b). The Nr emissions (kg N ha™1) consisted of emissions from the
MS and FS components. They were estimated as follows:

Nremissions = MS — Nr + FS — Nr 1)

MS —Nr = Z PM,y, X Rate;y, (2)
i=1

FS — Nr = N,O + NH; +NO + NO; 3)

where MS-Nr represents the Nr emissions from the production and
transportation of all inputs (inorganic fertilizers, organic fertilizer,
pesticides, plastic film, and diesel consumption by machinery). FS-Mr
denotes the Nr emissions from the application of organic and inor-
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Fig. 1. Locations of the HEL and LEL study sites. The top-left map shows the location of Chongqing in China and the bottom-left map is Wulong County. Monthly
temperature and precipitation of the high- and low-elevation study sites are shown in the top-right. HEL, the high-elevation level (900-1500 m); LEL, the low-

elevation level (200-600 m).

ganic fertilizer, which include nitrous oxide (N2O) emissions, ammonia
(NH3) volatilization, nitric oxide (NO) emissions, and N leaching (Leach
et al., 2012; Liang et al., 2018). PMjy; represents the Nr emission factor
of the i-th input (fertilizers, pesticides, plastic film, and diesel con-
sumption by machinery) produced and transported; these are recorded
in Table S1. Ratejy, represents the application rate of the i-th input
category during cabbage production. N3O is the direct cumulative
amount of N,O emissions from soil to which inorganic and organic N
fertilizer had been applied-NHjs represents the ammonia (NHs) volatil-
ization loss from inorganic and organic N fertilizer following applica-
tion. NO is the NO emissions from inorganic and organic N fertilizer
application and NO3! represents the amount of N leaching from inor-
ganic and organic N fertilizer following application. Each Nr loss was
calculated by multiplying the application rate of inorganic and organic
N fertilizer by the corresponding emission factor. The emission factors of
N»O emissions, N leaching, and NH3 volatilization were chosen based on
the local conditions and the latest indicators from published studies
considering similar vegetable production systems (Table S2). We used
the same emission factors for N3O emissions and NH3 volatilization from
organic manure and inorganic fertilizer (Zhang et al., 2016; Wang et al.,
2018c).

The N footprint was defined as the Nr emissions per tonne of product,
and was calculated as:

NFootprint = Nremission/Y @

where Nr emission represents the Nr emissions per ha, and Y represents
the cabbage fresh yield (t ha’l).

2.2.3.2. Greenhouse gas (GHG) emissions and carbon (C) footprint. The
GHG emissions, including emissions of CO3, CHy4, and N3O throughout
the entire life cycle of vegetable production, were estimated according
to the IPCC (2013), and were divided into two components: the GHG
emissions 1) from the MS stage and 2) during the FS stage, which were
determined by the following equations:

GHGemission = MS — GHG + FS — GHG 5)

FS—GHG =~ PMiuc x Rateigno (6)
i=1

FS — GHG = (N,0 + NH; x 0.01 +NO; ' x0.025) x 265 x 44/28 7)

where MS-GHG represents the GHG emissions from the production and
transportation of all inputs (inorganic fertilizers, organic fertilizer,
pesticides, plastic film, and diesel consumption by machinery). FS-GHG
represents the GHG emissions during the application of all inputs,
including direct N2O emissions and indirect pathways (NH3 and NO3 1
lost as N2O-N). PMjgyg represents the GHG emission factor of the i-th
input produced and transported; these are recorded in Table S1. Rate-
igHG represents the application rate of the i-th input category (e.g., fer-
tilizer, pesticides, plastic film, and diesel) during cabbage production.
N0 represents the direct N2O emissions from inorganic and organic N
fertilizer following application, NH3 represents the Nr lost by NHj
volatilization from inorganic and organic N fertilizer following appli-
cation, and NO3! represents the N leaching from inorganic and organic
N fertilizer following application. The fraction 44/28 is the molecular
weight ratio of N5O to N2O-N, and 0.01 and 0.025 are the coefficients for
NH3 and NO3! lost as N,O-N, respectively (Perrin et al., 2014).

The C footprint was defined as the GHG emissions per tonne of
product, and calculated by the following equation:

Cfootprint = GHGemission/Y (8)

where GHG emission represents the GHG emissions per ha and Y repre-
sents the fresh yield of cabbage (t ha™').

2.3. Profitability assessment

The net profit was determined as the difference between the total
production income and the total agricultural costs. Total production
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income was calculated using cabbage fresh yield and the market price.
Agricultural costs were calculated by the summation of all resource in-
puts, including labor and seeds (Table S3). Net profit was estimated as
follows:

m

Netprofit = Y*Peappage — Z rate;* P; 9

i=1

where Y represents the fresh yield of cabbage, Pcabbage represents the
market price of cabbage, and i represents each input category, including
fertilizers, pesticides, diesel fuel, seeds, and labor. Rate; represents the
application rate of the i-th input category, and P; represents the price of
the i-th input category (recorded in Table S3).

Environmental impacts of the economic benefits were defined as Nr
and C emissions per profit USD made by cabbage production, which
were determined using the following equations:

Nryp = Nremission/netprofit (10)
GHGyp = GHGemission/netprofit an

where Nryp and GHGyp represent the Nr and GHG emissions per profit
USD made by the cabbage production. Nr and GHG emissions are
expressed on a per ha basis.

2.4. Grouping of farmers by yield and N fertilizer use efficiency

1) Based on 50 farmers in each elevation level, we quantified the dif-
ferences in resource input and N and C footprints between the two
elevation levels.

The 50 farmers were subdivided into three groups at each elevation
level according to average yield and average N-fertilizer production
efficiency (PFP-N) to quantify the potential for increase in yield and
for the mitigation of environmental impacts (Wang et al., 2018a; Cui
et al.,, 2014): 1) a high yield and low PFP-N group (HL; yield was
above the average yield and PFP-N was below the average PFP-N
within the same elevation level), 2) a high yield and high PFP-N
group (HH; both the yield and PFP-N were higher than the average
within the same elevation level), and 3) a group (AV) including all
surveyed farmers within the same elevation level. The numbers of
farmers in the HL and HH groups were 23 and 14 for HEL and 17 and
13 for LEL, respectively.

2

—

The PFP-N was determined using the following equation:

PFP—N =Y/N (12)

where Y represents the fresh yield of cabbage (t ha™!) and N represents
the total N fertilizer application rate (kg N ha™1).

2.5. Statistical analysis

To quantify the resource input and environmental impact at HEL and
LEL, Excel 2016 (Microsoft, Redmond, WA, USA) was used to calculate
the resource input, N footprint, C footprint, economic benefit, and errors
(i.e., 95% confidence intervals [CIs], standard deviation, and standard
errors). One-way analysis of variance (ANOVA) was conducted to
evaluate the treatment effects statistically, and group means were
compared by least significant difference (LSD) at the 5% level of prob-
ability using SigmaPlot 12.0 (Systat Software, San Jose, CA, USA).

3. Results
3.1. Cabbage yield, fertilizer application rate, and profitability

Among the 50 farmers surveyed at the HEL, the average cabbage
yield was 53.2 (CI: 49.0-57.5) tha’l, which was 26.5% greater than that
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for the LEL of 42.0 (CI: 37.5-46.5) t ha™! (Fig. 2). The average total
fertilizer N and P application rates at the HEL were 455 (CI: 428-482) kg
N ha! and 216 (CI: 192-239) kg P20s ha™!, which were 6.0% and
11.3% greater than those at the LEL, respectively. By contrast, the
average total K rate at the HEL (177; CL: 157-198) kg K;0 ha~! was
21.8% lower than that at the LEL. When considering only the nutrients
from organic fertilizer, the average organic N, P, and K rates for the HEL
were 9.9 (CI: 7.9-11.9) kg N ha™?, 5.9 (CI: 4.2-7.5) kg P2Os ha™?, and
7.0 (CI: 5.3-8.7) kg K20 ha’l, which were 70.7%, 68.1%, and 71.4%
lower than those of the LEL, respectively (Fig. 2). Considering profit-
ability, with the greater yield and total N and P fertilizer use at the HEL,
the average income [6567 (CL: 6042-7092) USD ha~'] and cost [1538
(CI: 1485-1591) USD ha~!] for the HEL were 36.7% and 3.8% greater,
respectively, than for the LEL, and the corresponding net profit [5029
(CI: 4497-5560) USD ha 1] for the HEL was 51.3% greater (Fig. 3).

3.2. Nr emissions, N footprint, and Nr emissions per profit USD (Nryp)

When expressed per hectare of cabbage-planted area, the average Nr
emissions for the HEL and LEL were 137.0 (CL: 128.9-145.1) kg N ha!
and 126.7 (CL: 115.7-137.7) kg N ha’l, respectively (i.e., the Nr emis-
sions for the HEL were 8.1% greater than for the LEL; Fig. 4). This dif-
ference was mainly attributed to the greater N fertilizer application rate
at the HEL. When expressed per tonne of cabbage yield, the average N
footprint for the HEL [2.82 (2.57-3.06) kg N t~1] was 17.2% lower than
for the LEL [3.40 (3.04-3.77) kg N t71, mainly due to the higher yield at
the HEL (Fig. 4). When expressed per profit USD made from cabbage
production, the Nryp for the HEL [0.032 (0.029-0.036) kg N USD 1] was
38.8% lower than for the LEL [0.053 (0.044-0.061) kg N usD ™1
(Fig. 4). The greater yield and net profit were the main reasons for the
lower N footprint and Nryp at the HEL. The contributions of N2O, NHs,
NO, and NO3-N to the total Nr emissions were comparable between the
HEL and LEL. NO3-N leaching was the major contributor to the total Nr
emissions, accounting for 64.8% (Fig. 5). NH3 volatilization (26.9%)
was a secondary contributor, as were N»O, MS-Nr, and NO, despite their
small percentages (2.1, 2.5, and 3.8%, respectively) (Fig. 5).

3.3. GHG emissions, C footprint, and GHG emissions per profit USD
(GHGnp)

When expressed per hectare of cabbage-planted area, the average
GHG emissions for the HEL and LEL were 6785 (CI: 6394-7176) kg CO»-
eq ha™! and 6153 (CI: 5647-6660) kg COs-eq ha™?, respectively (i.e.,
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Fig. 2. Surveyed fertilizer application rates (organic and inorganic), organic C
input, and cabbage yield in the high- and low-elevation areas of a subtropical
region. The organic C was from organic fertilizer. For each parameter, different
lowercase letters represent significant differences according to the least sig-
nificant difference test (p < 0.05). HEL, high-elevation level (900-1500 m);
LEL, low-elevation level (200-600 m).
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Fig. 3. The cost, income, and net profit for cabbage production at the HEL and
LEL. Different lowercase letters represent significant differences according to
the least significant difference test (p < 0.05). HEL, high-elevation level
(900-1500 m); LEL, low-elevation level (200-600 m).

GHG emissions for the HEL were 10.3% greater than for the LEL; Fig. 4),
mainly because of the greater N and P fertilizer input at the HEL. When
expressed per tonne of cabbage yield, the C footprint for the HEL [140
(127-152) kg COz-eq t~ 11 was 16.2% lower than for the LEL [167
(149-184) kg CO-eq t~!] (Fig. 4). When expressed per profit USD of
cabbage production, the GHGyp for the HEL [1.60 (1.41-1.78) kg CO»-
eq USD '] was 38.3% lower than for the LEL [2.59 (2.14-3.03) kg CO,-
eq UsD 1] (Fig. 4). The lower C footprint and GHGyp for the HEL was
mainly caused by the greater yield and net profit. Fertilizer dominated
the C footprint, contributing 95.9-96.1% of the total C footprint; MS-
and FS-fertilizer accounted for 57.4-58.2% and 37.6-38.7%, respec-
tively. Other materials accounted for only 3.9-4.1% (Fig. 5).

3.4. Fertilizer application rate, and yield among different groups

Compared to the average (AV) within the same elevation level, the
cabbage yields in the HH group for the HEL (71.5 tha’l) and LEL (64.0 t
ha™1) were 34.4% and 52.3% greater, respectively (Table 1). The cor-
responding total N application rate of the HH group for the HEL and LEL
was 19.8% and 9.2% lower, respectively (Table 1). Compared with the
AV group, within the same elevation level, the inorganic N fertilizer
application rate for the HEL and LEL was 20.7% and 20.8% lower,
respectively. By contrast, the organic N fertilizer application rate of the
HH group was 35.3% and 127.1% greater, respectively, than the values
of the corresponding AV groups (Table 1). As a result, the PFP-N of the
HH group at the HEL and LEL was greater by 62.4% and 72.5% than the
corresponding PFP-N of the AV group, respectively.

3.5. Environmental impacts among different groups

When expressed on the basis of hectares of cabbage-planted area, at
the HEL, the Nr emissions for the HH group were 20.1% and 20.8%
lower than those of the AV and HL groups, respectively (Fig. 6). At the
LEL, the Nr emissions of the HH group were 13.0% and 17.2% lower
than those of the AV and HL groups, respectively (Fig. 6). The Nr
emissions gap between the HH group and the AV group was substan-
tially greater for the HEL (27.6 kg N ha™!) than for the LEL (16.5 kg N
ha™1). The GHG emissions were similar to the Nr emissions: the GHG
emissions of the HH group were 15.5-19.7% and 17.5-20.3% smaller
than those of the AV and HL groups, respectively (Fig. 6). The GHG
emissions gap between the HH and the AV groups was also greater for

Ecological Indicators 122 (2021) 107298

the HEL (1335 kg COs-eq ha™!) than for the LEL (954 kg COy-eq ha™!)
(Fig. 6). The lower environmental impacts on an area basis for the HH
group were due to the lower N fertilizer application rate (Table 1). When
expressed per tonne of cabbage yield, the HH group had an N footprint
that was 44.7-49.4% and 17.9-25.8% lower than those of the AV and HL
groups, respectively, within the same elevation level (Fig. 6). The C
footprint of the HH group was also lower than those of the AV and HL
groups by 44.4-51.2% and 18.0-25.3%, respectively, within the same
elevation level. The N footprint gap between the HH and the AV groups
was 1.26 kg N t ! for the HEL and 1.68 kg N t! for the LEL, and the
corresponding C footprint gap was 62 kg CO4-eq t~! for the HEL and 85
kg COo-eq t ! for the LEL (Fig. 6). The higher yield and lower N fertilizer
input for the HH group were the main reasons for lower environmental
impacts on a product basis, which also resulted in higher net profit and
lower environmental impacts on a profit basis. When expressed on the
basis of profit USD of cabbage production, compared to the AV and HL
groups within the same elevation level, the Nryp of the HH group was
54.8-65.6% and 24.6-32.5% lower and the GHGyp was 54.5-66.9% and
24.6-31.9% lower, respectively (Fig. 6).

4. Discussion
4.1. Comparison of N and C footprints at the two elevation levels

The environmental impact of cabbage production differed greatly
between the HEL (900-1500 m) and LEL (200-600 m). At the HEL, the
Nr and GHG emissions for cabbage production on an area basis were
137 kg N ha™! and 6,785 kg CO»-eq ha™!, which were 8.1% and 10.3%
greater, respectively, than those at the LEL and also greater than pre-
viously reported Nr (43 kg N ha’l, Fig. S1) and GHG (4060-4854 kg
CO,-eq ha™!, Fig. S1) emissions for open-field vegetables under the same
system boundary (from planting to the farm gate). First, the difference in
N application rate was the main reason for the variation in the N and C
footprints between the two elevation levels. For example, the corre-
sponding average N input at the HEL was 455 kg ha~!, which was higher
than that at the LEL (429 kg ha™!) and higher than in a previous study
(Fig. S1). The higher N and P runoff loss of the sloped arable land in the
mountainous area may have reduced the fertilizer N and P use efficiency
(Preltl et al., 2017; Zhong et al., 2018). Yao et al. (2017a; 2017b) re-
ported that the total N and P loss at slope gradients of 20° was 18.1% and
10.8% greater than that at slope gradients of 5°, respectively. Second,
the emission factors varied due to the differences in fertilizer type (urea,
thiamine, and ammonium nitrate), soil moisture, and temperature
conditions in the vegetable fields (Dobbie et al., 1999; Lin et al., 2010).
However, the Nr and GHG emissions in this study were lower than those
for greenhouse vegetable production (19820-46485 kg COs-eq ha™1)
reported previously (Liang et al., 2019; Khoshnevisan et al., 2014; He
et al., 2016; Zarei et al., 2019). Besides the substantially greater N fer-
tilizer inputs (816-2786 kg ha™') in greenhouse production, the extra
use of structural materials (plastic film, metal, and electricity) in
greenhouse cultivation compared with the open-field cultivation pattern
in this study could also have contributed to the higher Nr and GHG
emissions for vegetable production under greenhouse conditions. Fer-
tilizer was the major contributor to the GHG emissions of cabbage, ac-
counting for 95.9-96.1% of the total GHG emissions, which was higher
than that of greenhouse vegetable production (84.9-89.4%) (He et al.,
2016). This could have resulted from the low application rate of plastic
film and structural materials in open-field cabbage production. In this
study, the N and C footprints were significantly lower by 17.3% and
16.2%, respectively, at the HEL than at the LEL, mainly due to a higher
yield at the HEL. The average yield (53.2 t ha™!) for the HEL was 26.5%
higher than that for the LEL (42.0 t ha™!). The higher yield at the HEL
can be explained by several factors. Temperature and precipitation are
crucial to crop yield and environmental impact (Maggio et al., 2005; Bai
et al., 2019). There was no significant difference in monthly precipita-
tion between the HEL and LEL during the crop growth stage, but there
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Fig. 4. The reactive N loss (a-c) and GHG emissions (d-f) per ha, tonne, and profit USD, respectively, of cabbage production at a HEL and LEL. HEL, high-elevation
level (900-1500 m); LEL, low-elevation level (200-600 m). Different lowercase letters represent significant differences according to the least significant difference

test (p < 0.05).

was a significant difference in monthly temperature. The optimal tem-
perature for cabbage growth is relatively low (10-25 °C) (Tanyi et al.,
2018; Sun, 2010), and the air temperature decreases with increasing
elevation. Cabbage prefers lower temperatures, especially at the heading
stage (15— 20 °C) (Fang et al., 2008). With the relatively lower mean
monthly temperature during the growth stage (18.1 °C) at the HEL
(Fig. 2), this resulted in higher production at the HEL than at the LEL. In
addition, the higher N and P fertilizer application rates at the HEL may
explain the higher yield. However, the cabbage yield at the HEL was
lower than that of the temperate region (57.1-67.1 t ha™!) (National
Cost and Benefit Data of Agricultural Products, 2018). This may be a
result of the better conditions for agriculture in the temperate plain
region, including larger-scale farming, better irrigation systems, and a
better road network. A large potential for yield increase exists for
farmers in both the HEL and LEL.

Compared with the N and C footprints for vegetable production in
other regions with low elevation, the N footprint for the HEL was higher
than the average N footprint (0.047 kg N t’l) for tomato production
under recommended practices in North China (Liang et al., 2018), and
the C footprint for the HEL was lower than the C footprint (178 kg CO»-
eq t! vegetable) for pepper production in East China (Wang et al.,
2020). These differences could be attributed to variation in PFP-N
among the different studies. For example, the PFP-N at the HEL (117
kg yield per kg N) in this study was lower by 49% than that (231 kg yield
per kg N) in tomato production under the recommended practices in
North China (Liang et al., 2018), which caused the larger N footprint at
the HEL. Additionally, the PFP-N at the HEL in this study was 53%
greater than that of the pepper production (76 kg yield per kg N) in East
China (Wang et al., 2020), which caused the lower C footprint at the
HEL. Similarly, the Nr and GHG emissions per unit of net profit for the
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during the material stage; FS-fertilizer and FS-other, the GHG emissions from fertilizer and other materials during the farm stage, respectively. HEL, the high-

elevation level (900-1500 m); and LEL, the low-elevation level (200-600 m).

HEL were 38.8% and 38.3% lower, respectively, than those for the LEL,
due to higher net profit caused by higher cabbage yield. As a conse-
quence, these results revealed that cabbage production at the HEL not
only has an economic competitive advantage, but also has an advantage
of low N and C footprints on a product and profit basis.

4.2. Potential for mitigation of N and C footprints

The results of this study indicate great potential for mitigation of the
N and C footprints of cabbage production in subtropical high- and low-
elevation mountain regions. The HH group significantly reduced N and
C footprints by 44.7-49.4% and 44.4-51.2%, respectively, for both the
HEL and LEL compared to AV (Fig. 6). These results were attributed to

the following factors. On one hand, the N fertilizer application rate in
the HH group was 9.2-19.8% lower than that of the AV group, with the
result that the Nr and GHG emissions of HH on an area basis were lower
by 13.0-20.1% and 15.5-19.7%, respectively. These results are com-
parable with those of previous studies at a LEL. On the other hand, the
yield of the HH group was 34.4-52.3% greater than that of the AV group.
This higher yield can be attributed to the advanced nutrient manage-
ment based on the best practices of the local farmers in the HH group
(Fig. 7). With regard to yield-related production factors, organic C input
and plant density were the limiting factors for higher yield at the HEL
(Fig. 7 D, E), and organic C input could also significantly improve cab-
bage yield at LEL (Fig. 7 I). This indicates that the yield gap can be closed
through greater organic fertilizer application and optimized plant
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Table 1

Surveyed fertilizer inputs of cabbage production among the different groups at a HEL and LEL. To analyze the effects of farm management on the environmental effects of cabbage production, the data on yield vs. PFP-N

were divided into three groups: mean yield and mean PFP-N (AV), high yield and low PFP-N (HL), and high yield and high PFP-N (HH). HEL, cabbage grown at a high elevation (900-1500 m); LEL, cabbage grown at a low

elevation (200-600 m).

Organic fertilizer application rate (kg ha™')

Inorganic fertilizer application rate (kg ha™1)

Total fertilizer application rate (kg ha™1)

Yield

K20

P,0s

K20

P05

K>,0

P05

tha™!

9.9+ 8.0 5.9+ 6.5 7.0+ 6.7

162.8 + 129.5
255.2 + 85.7
220.3 £73.0

170.3 + 77.5
167.7 + 84.4
149.6 + 75.2

212.0 +91.9
256.0 + 107.4
201.1 + 61.4

444.7 + 101.6
445.0 + 140.6
352.0 + 44.9

177.3 +78.8
178.6 + 86.7
157.1 £ 76.2

215.6 + 91.8
261.3 + 106.1
206.8 + 61.5

454.6 + 104.5
460.3 + 144.1
364.7 + 46.4

53.2+16.5
68.0 + 11.1
71.5 +12.3

AV

H-C

109 £ 6.7
7.6 £6.3

10.3 £ 6.9

5.7 £4.0

15.3 £5.7
12.7 £ 4.6

HL

HH

24.5 + 37.8
55.7 + 38.8
52.8 +37

18.4 + 32.7
38.9 + 35.2
37.2 +33.4

33.7 £ 50
80.2 + 48.4
76.6 + 49.6

540.0 + 799.8

202.3 + 169.4
301.4 + 243.8

249 +183.1

175.3 £75.8
220.6 + 96.6

395.3 +£132.7
386.2 + 160.4
313.0 + 95.7

226.8 + 186.8
357.1 + 257.4
301.7 + 211.3

193.7 + 89.9
259.5 + 99.1
254.4 + 105.3

429.0 + 148.1
466.4 + 186.8
389.7 +132.3

42.0 +17.4
63.8 +9.1

AV

L-C

1282.8 + 774.1
1226.2 + 793.3

HL

217.2 £ 109.3

64.0 + 10.0

HH
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density, which could result in greater economic and environmental
benefits. Meanwhile, the higher quality of vegetables produced at the
HEL (Nie et al., 2011) increased the price for the vegetables. Further-
more, due to the higher yield and profit in the HH group, Nryp and
GHGnp were 54.8-65.6% and 54.5-66.9% lower, respectively,
compared with the AV group at the same elevation level.

In this study, the HH group showed a substantially lower N fertilizer
input and an environmental impact advantage. However, further op-
portunity remains for optimization in the HH group based on the cab-
bage farmers’ practices. First, optimizing the N fertilizer rate is the most
cost-effective measure to reduce the N and C footprints (Lu et al., 2011;
Zhang et al., 2016). The application rate of inorganic N (313- 352 kg N
ha™') in the HH group was higher than the recommended fertilization
rate (263 kg N ha™?) for the region surveyed (Ministry of Agriculture and
Rural Affairs of the People’s Republic of China, 2018). This indicates
that there is a potential to decrease the amount of fertilizer N use in the
HH group. Therefore, optimizing the N fertilizer rate based on the
nutrient demands of cabbage in this region is needed to reduce the N and
C footprints. Second, many studies have shown that partially substitut-
ing inorganic fertilizer with organic fertilizer could synchronize the crop
N demand with the soil N supply, thus increasing yield and decreasing N
and C footprints (Zhou and Butterbach-Bahl, 2014; Zhang et al., 2016;
Yang et al., 2019). Limited organic fertilizer application, far below the
recommended organic fertilizer rate (Guidelines on fertilization of major
spring crops in 2018, Issued by the Ministry of Agriculture and Rural
Affairs of the P.R.C.), compared to that of vegetable production in the
temperate low-elevation region (Zhou et al., 2019; Gu et al., 2015) was
used in the region surveyed, especially at the HEL. The poor road
network condition and consequent high transportation costs have
limited the application of organic fertilizer in this region. Therefore, in
the subtropical mountain region, yield increase and N and C footprint
mitigation benefits can be achieved through improvement of the road
transportation system and greater organic fertilizer inputs. Third, no
enhanced efficiency fertilizer was found to be used within the two re-
gions surveyed, even in the HH group. Hence, substituting traditional
fertilizer with enhanced efficiency fertilizer, especially slow-release
fertilizer or fertilizer with a nitrification inhibitor, could further miti-
gate the environmental impacts. In addition, the use of enhanced effi-
ciency fertilizer can decrease the frequency of fertilizer application and
labor costs, improving the economic benefit of cabbage production.

Mountain vegetable production in subtropical regions has become a
critical strategy for supplying low heat-resistance vegetables in summer.
This study is the first to evaluate the resource inputs and environmental
impacts of vegetable production in a subtropical high-elevation moun-
tain region. The study indicates that cabbage production at the HEL
attained greater yield and net profit with lower N and C footprints.
Meanwhile, advancing the agronomic management based on the best
farmers’ practices in the high- or low-elevation mountain regions could
significantly reduce the N and C footprints while also increasing yield,
which is consistent with previous studies (Cui et al., 2014; Wang et al.,
2020). This will enable policymakers and farmers to optimize vegetable
distribution and management and thus improve economic benefit and
reduce environmental impact.

5. Conclusion

There were significant differences in resource inputs and environ-
mental impacts for cabbage production between the HELs and LELs in
the subtropical mountain region. Compared to those at the LEL, the Nr
and GHG emissions at the HEL were 8.1% and 10.3% greater due to
higher fertilizer input; however, the N and C footprints at the HEL were
lower than those at the LEL due to higher yield at the HEL. There is great
potential for yield increases and mitigation of the N and C footprints for
vegetable production in the mountain area. Advancing agronomic
management based on the best practices of the farmers would offer
substantial yield improvement and environmental and economic
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Fig. 6. Reactive N loss (A-C) and GHG emissions (D-F) on per ha, tonne, and profit USD bases for cabbage production at high and low elevations. To analyze the
effects of farm management on the environmental effects of cabbage production, the data on yield vs. PFP-N were divided into three groups: the mean yield and PFP-
N (AV), high yield and low PFP-N (HL), and high yield and high PFP-N (HH). HEL, high elevation level (900-1500 m); LEL, low elevation level (200-600 m).
Different lowercase letters represent significant differences according to the least significant test (p < 0.05).

benefits of vegetable production.
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