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ABSTRACT: Over the past three decades, the expansion of intensive vegetable farming in southern China has led
to excessive nitrogen (N) and phosphorus (P) fertilizer application, causing substantial N and P runoff losses. This
study investigated four major vegetable production regions in southern China—the upper reaches of the Yangtze River
(U-YR), the middle lower reaches of the Yangtze River (ML-YR), the Southeast Coast (SC), and the Pearl River basin
(PR)—analyzing 175 published articles to characterize spatiotemporal patterns of N and P fertilizer applications and
associated runoff losses from 1992 to 2021. The result showed that the runoff losses of total N per year (TNy) from the
U-YR and PR regions gradually increased by 141%-186% over the past three decades, while that from the other two areas
decreased gradually by 17%-28%. Meanwhile, four regions generated gradually increased runoff total P per year (TPy)
with 3.5%-221%. In U-YR and PR regions, the cultivated area for vegetable production increased by 68% and 28%, and
the N application rates increased by 54% and 25%. Still, the soil organic matter (SOM) content decreased by 17% and
34%, respectively. However, they all showed a decreasing trend in the other two investigated regions. In the PR region,
the increased planting area was attributed to newly cultivated vegetable fields, where there were serious TPy losses as
the P application intensity increased by 87%. The cultivation area in the ML-YR region has little increased in the past
thirty years but with significantly accumulated SOM and soil nutrient contents. In conclusion, the N and P fertilizers
application as well as their runoff losses increased in the last three decades in southern China, but with significant
variation among the four investigated regions. Sustainable management practices should be implemented to mitigate
N and P non-point source pollution in intensive vegetable production systems.
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1 Introduction

The growing global population has driven increasing demand for vegetables. Global vegetable cultiva-
tion area reached 21.3 million hectares by 2021, with China accounting for 51% of this total [1]. Southern
China, characterized by abundant rainfall and favorable temperatures, serves as the primary vegetable
production region encompassing the Yangtze River Delta, Pear] River Delta, and southeastern coastal areas,
representing 69.5% of China’s total vegetable cultivation area [2,3]. To sustain high vegetable yields, farmers
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apply substantial quantities of N and P fertilizers. Reported application rates reach 470 kg N ha™" yr
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and 285 kg P,Os ha™! yr ! in intensive production systems [4]. Nevertheless, the corresponding nutrient
use efficiencies remain suboptimal, consistently below 25% for N [5] and 30% for P [6]. Southern China
received annual precipitation ranging from 1324 to 1656 mm during 2011-2021 [2], promoting significant
runoff-mediated transport of residual soil N and P into adjacent aquatic ecosystems.

Quantitative assessments in Colombia’s Fuquene watershed demonstrated significant contributions of
N and P runoft from fertilized potato fields to lake eutrophication [7]. Similarly, comparative studies in
Croatia revealed vegetable fields generated 52- and 68-fold higher N and P losses, respectively, than grass-
covered olive groves under simulated rainfall conditions [8]. The research on N and P loss in vegetable
fields began with the problem of excessive input of inorganic fertilizer and accumulation of soil nutrients in
China [9,10]. In response to concerns regarding excessive N and P fertilizer use, significant research attention
has been directed toward understanding nutrient cycling in agricultural systems and its consequences for
environmental health, with particular emphasis on water quality [11-13].

Recent studies in China have further highlighted the severity of environmental pollution associated
with N and P pollutants from intensive vegetable fields [14]. For example, open intensive vegetable
fields in the Hubei Three Gorges Reservoir area contribute to significant N and P losses, accounting for
56.1% and 57.1% of the local total emissions, respectively [15]. Recent research highlights critical nutrient
management challenges in agricultural systems, particularly regarding vegetable production. Cucumber
cultivation demonstrates seasonal P surpluses reaching 410 kg ha™’, substantially elevating risks of P loss
and aquatic eutrophication [16]. Concurrently, soil N cycling has been quantitatively linked to water quality
degradation [14], with systematic assessments establishing region-specific N and P runoff coefficients in
Chinese vegetable production systems [17]. In ecologically sensitive areas such as the Three Gorges Reservoir
and Yangtze River’s mid-lower reaches, agricultural fertilizers and livestock operations emerge as dominant
pollution sources [18]. Additionally, with vegetable cultivation in the Tiaoxi watershed exhibiting particularly
high P loss potential due to intensive farming practices [19]. Compared with southern China, northern China
has less rainfall and less runoff, leaching was therefore the main N and P lost path. Current research has
systematically characterized the spatial-temporal patterns of N and P leaching in northern China’s major
agricultural regions over the past five years, while similar comprehensive analyses remain notably lacking
for southern China’s agricultural systems [20]. Previous studies have systematically quantified field-scale
discharge coefficients and load amounts of N and P in vegetable cultivation systems, while identifying key
factors influencing non-point source pollution. However, the impacts of agricultural management practices
on N and P losses from vegetable fields remain poorly understood in southern China, particularly regarding
their spatiotemporal patterns and underlying drivers.

Southern China, a global hub of population and industrial activity, exhibits substantial demand for
vegetable production. Intensive vegetable cultivation practices in southern China highlight its significance as
a primary vegetable production region. The cultivation area is expanding annually, predominantly through
conversion of stable cereal fields. Annual fertilizer inputs for intensive vegetable production exceed cereal
fields by 2-7 times, yet N and P utilization rates remain below 50%, resulting in substantial soil nutrient
accumulation and elevated loss risks [21]. Meanwhile, recent advances in vegetable cultivation and fertilizer
management technologies have been implemented to mitigate N and P losses. However, the effects of these
agricultural management practices on N and P losses from vegetable fields in southern China remain unclear,
particularly regarding their spatiotemporal patterns and underlying mechanisms. Comprehensive research
on non-point source pollution from these systems is crucial, as it would provide scientific basis for accurate
pollution load assessment and inform effective prevention and control strategies.

Therefore, considering the distribution of seven major river basins and deltas in China and the
geographical positioning of that in southern provinces, this study focused on the following four areas: the
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upper (U-YR), the middle and lower reaches of the Yangtze River (ML-YR), the Southeast Coast (SC)
and the Pear] River basin (PR). The N and P runoff loads in these four areas during past 30 years were
estimated. We estimated N and P runoft loads in these regions over the past three decades (1992-2021)
through systematic analysis of 175 published studies encompassing 13 provinces and 2 municipalities in
southern China, supplemented by contemporaneous agricultural and environmental statistics. The study
objectives were to: 1) to estimate N and P runoff loads in four major vegetable cultivation regions in southern
China from last three decades (1992-2021); 2) to analyze the temporal and spatial characteristics of N and P
fertilizer application and their runoff loss; and 3) to explore the possible mechanisms to explain the changes
in N and P runoff.

2 Materials and Methods
2.1 Data Collection

Based on the distribution of major river basins and deltas in southern China, this study focuses on
four representative regions: 1) the upper reaches of the Yangtze River (U-YR), including Yunnan, Sichuan,
Guizhou provinces, and Chongging city; 2) the middle and lower reaches of the Yangtze River (ML-YR),
including of Hubei, Hunan, Anhui, Jiangxi, Jiangsu provinces, and Shanghai city; 3) the Southeast Coast
(SC), including Zhejiang and Fujian provinces; 4) the Pearl River basin (PR), including Guangdong, Guangxi,
and Hainan provinces. This study evaluates the N and P runoff load from vegetable fields by analyzing
three key data components: vegetable cultivation area, N and P input via chemical fertilizers, and soil
nutrients content. To support this assessment, based on the key words “vegetable field fertilization, soil
nutrient, nitrogen and phosphorus loss”, we gathered 175 publications from the China Knowledge Resources
Integration (CNKI) database, Web of Science, and PubMed, alongside area statistics from the National
Bureau of Statistics of China [2]. This study utilizes a comprehensive dataset (1992-2021) spanning 13
provinces and 2 municipalities in southern China, encompassing three major watersheds and key vegetable
production regions: the Yangtze River basin, Pear]l River basin, and eastern coastal areas of the Pacific Ocean.

To enhance the precision of the data, when collecting the publications, this study established the
following criteria: 1) the studies utilized N and P input data based on the standard fertilizer application
practices according to local farmers. For input rate calculations, various fertilizer types—particularly
compound fertilizers, urea, superphosphate, and similar formulations—were systematically converted to
standardized N and P,0Os units based on their respective chemical compositions; 2) the data for fertilizer
application and nutrient content represent values for a whole vegetable growing season; 3) to more accurately
assess variations in runoff N and P loads across each watershed, this study categorized them into four distinct
regions; 4) consequently, this study selects the last three decades encompassing these census years between
1992-2021 as the statistical timeframe. Therefore, our analysis primarily spans three periods of 1992-2001,
2002-2011, and 2012-2021, and across four regions of U-YR, ML-YR, SC, and PR, respectively.

2.2 Data Analysis

We calculated the regional N and P runoff loadings according to the investigated vegetable cultivation
area, N and P fertilizer application rates and N and P runoft loss factors. The amount of runoft loadings of
total N and P per year/annually (TNy and TPy, Tg yr ') were calculated according to the following formula:
Regional TNy/TPy runoff loading (Tg N/P yr' regional area™")

= N/P fertilizer inputs per season (kg N/P hm™2) x regional plant area (kha) x N/P loss runoff loss ratio
x multiple crop index x 10~®
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In this research, TNy/TPy represents the annual total N/P runoff loss, the Tg (million tons) is 10° t.
The N and P loss factors were set at 6.27% and 4.08%, respectively according to a review of Wang et al. [17].
The multiple crop index was assigned a value of 2.0, reflecting the average for each region [2]. Data on the
vegetable sown area were sourced from the China Statistical Yearbook [2].

The equation for computing the runoft load per unit area is as follows:
TNy/TPy runoff loading (kg N/P ha™! yr! regional area™)
= Regional TNy/TPy runoff loading (Tg N/P yr! regional area™!)/regional plant area (kha)

3 Results

3.1 Temporal and Spatial Changes in Vegetable Cultivation Areas

The average vegetable cultivation areas at U-YR, ML-YR, SC, and PR regions were 1.37, 2.72, 0.75, and
1.63 million ha during 1992-2001, and expanded to 2.50, 3.97,1.31, and 2.18 million ha during 2002-2011, with
81.7%, 45.9%, 75.5%, and 33.9% increases, respectively (Fig. 1). By 2011, the cultivation areas in U-YR, ML-
YR, SC and PR regions accounted for 25.1%, 39.9%, 13.2% and 21.9% of the vegetable cultivation area in the
southern China, respectively. During 2012-2021, vegetable cultivation areas in the U-YR, ML-YR, and PR
regions expanded to 4.20, 5.16, and 2.80 million ha, respectively, representing increases of 68.0%, 14.7%, and
28.4% compared with 2002-2011. However, the vegetable cultivation area in SC region decreased from 1.31 to
1.16 million ha, a decrease of 12.6%. By 2021, vegetable cultivation occupied 31.5%, 38.7%, 8.7%, and 21.0% of
arable lands in southern Chinas U-YR, ML-YR, SC, and PR regions, respectively. Vegetable cultivation areas
in the U-YR and PR regions showed significant expansion during 2012-2021 compared to 2002-2011, with
growth rates 2-5 times higher than other study regions. Notably, Sichuan (belonging to U-YR) and Guangxi
(belonging to PR) exhibited the most pronounced increases at 21.7% and 48.9%, respectively.

3.2 Changes in Application Rates of N and P Fertilizers

During the period of 2002 to 2021, the average application rates of N and P fertilizer per year in southern
China for vegetable production were 333.0 kg N ha™! and 217.0 kg P,Os ha™!, respectively (Fig. 2). From 2002
to 2022, N and P fertilizer application rates increased by an average of 12.1% and 56.8%, respectively. Notably,
the U-YR and PR regions exhibited the most substantial increases in N application, reaching average rates
of 318.3 and 312.7 kg N ha™*, respectively. Farmers in the U-YR and PR regions increased N and P fertilizer
application by 25.3% and 53.5% respectively during 2012-2021 compared to 2002-2011. However, fertilizer N
application rate in the ML-YR and SC regions exhibited a gradual decline over the same period, which
decreased to 376.4 and 410.5 kg N ha™!, respectively. Notably, the ML-YR region showed a 40% reduction in N
application rates for vegetable production from 1992-2001 to 2002-2011, with only a marginal (<4%) increase
observed in 2012-2021. At the same time, there was a 11.6% decrease in N fertilizer application at SC region
from 2002-2011 to 2012-2021 (Fig. 2). The average application rate P fertilizer in the U-YR and PR regions
during 2002-2021 were 249.7 and 235.0 kg P,Os ha™!, respectively. During 2012-2021, these values decreased
by 11% but increased by 170% respectively compared to the previous decade (2002-2011). In the ML-YR
and SC regions, P application rates increased gradually to average values of 171.6 and 217.7 kg P,Os ha™*,
respectively, representing 21% and 141% increases during 2012-2021 relative to 2002-2011 (Fig. 2).
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Figure 1: Temporal and spatial changes in vegetable cultivation area in southern China during last three decades, i.e.,
1992-2001, 2002-2011, and 2012-2021. Note: U-YR region includes Yunnan, Sichuan, Guizhou, and Chongqing; ML-
YR region includes Hubei, Hunan, Anhui, Jiangxi, Jiangsu, and Shanghai; SC region includes Zhejiang and Fujian; PR
region includes Guangdong, Guangxi, and Hainan. Same below. The dataset was derived from vegetable cultivation area
statistics for 1996, 2006, and 2016, representing decadal averages for 1992-2001, 2002-2011, and 2012-2021, respectively
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Figure 2: (a,b) Temporal and spatial changes in application rates of N and P fertilizers during last three decades, i.e.,
1992-2001, 2002-2011, and 2012-2021, respectively. Upper reaches of Yangtze River, middle and lower reaches of Yangtze
River, Southeast Coast and Pearl River basin are denoted as U-YR, ML-YR, SC and PR, respectively
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Furthermore, excluding the YR region, the other two major vegetable production areas in southern
China showed significant declines in N:P fertilizer input ratios over the past two decades (Table 1). Especially,
the U-YR and ML-YR experienced minimal changes from 1992 to 2021 with 1:0.62-1:0.71, while PR and SC
had notable increases in the P fertilizer input ratio during 2002-2021, from 1:0.45 to 1:0.81. The observed
changes demonstrate a growing emphasis on P fertilizer use in vegetable cultivation among farmers from the
SC and PR regions during the 2002-2021 period.

Table 1: Changed in the ratios of fertilizer N (kg N ha ') and P (kg P,Os ha™!) application rates for vegetable production
in the last three decades from 1992-2021

Yearrange U-YR ML-YR SC PR

1992-2001 1:0.62  1:0.22 NA NA
2002-2011  1:0.71 1:0.54 1:0.31 1:0.45
2012-2021 1.:.0.66  1:.0.62 1:.0.85 1:0.81

Note: The “NA” indicates that there is no data in
this period.

3.3 Runoff Loads of N and P from Vegetable Plantations in Southern China

In the past 30 years, there was an increasing trend in TNy runoff observed in the U-YR and PR regions,
but a decreasing trend in the ML-YR and SC regions (Fig. 3). Specifically, TNy runoff loads in the U-YR and
PR regions during 2012-2021 were 142% and 186% higher, respectively, than during 2002-2011. Furthermore,
compared with the previous 10 years, there was only 12% higher runoft N lost from the U-YR region during
2002-2011. The ML-YR and SC regions exhibited smaller fluctuations in TNy runoff load, decreasing by 10%
and 17%, respectively, during 2012-2021 compared to 2002-2011. However, it is worth noting that due to the
large cultivation area of these two regions, the TNy runoff load was still at a relatively high level, with an
average of about 0.20 (0.01-0.40) Tg N regional area™' yr !, which was 0.5-2.3 times higher than other two
regions in southern China (Fig. 3).

In the past 30 years, there was increasing TPy runoff loads from the four investigated regions in
southern China, among which the ML-YR and PR regions increased more significantly (Fig. 3). Compared
to the 2002-2011 period, total phosphorus (TP) runoft loads in the U-YR, ML-YR, and PR regions during
2012-2021 increased to 0.086 (range: 0-0.173), 0.089 (0-0.179), and 0.067 (0-0.135) Tg P region™' yr ',
representing increases of 1.6%, 39%, and 221%, respectively. Although showing a higher increase rate, the SC
region maintained relatively low P runoff load, averaging 0.023 (0-0.046) Tg P regional area™! yr™! during
2002-2021, which approximately 2.4 times lower than the other three study regions in southern China.

Furthermore, all regions except PR exhibited consistent trends between unit-area runoff loads and
regional N and P runoff loads (Fig. 4). The estimated N runoft load per unit area in the SC region was the
highest, with 54.6 and 48.3 kg N ha™! yr! during 2002-2011 and 2012-2021, respectively, which were 10.3%-
38.2% higher on average than those in the other three regions during the same period. The P runoft load
per unit area in the SC and PR regions was higher, reaching 25.9 kg P ha™ yr! totally during 2012-2021,
which gradually exceeds the Yangtze River delta (U-YR and ML-YR), with only 20.4 kg P ha™' yr! totally
(an increase of 27%).



Phyton-Int ] Exp Bot. 2025;94(6) 1741

0.40 " .2
= Upper reaches of Yangtze River 0.20 = Upper reaches of Yangtze River
0.35 ® Middle and lower reaches of Yangtze River e Middle and lower reaches of Yangtze River -
—~ A Southeast coast —~ 4 Southeast coast
; 0304Y Pearl River b%sin '; 0.154 v Pearl River basin "
en
= iy .
T 0.25 —
en on
E 2
g 0.20- g 0.107
2 ]
g 0.15 b=
: g
i 0.10 - 5 0.054
>
Z &
= 0.054 =
0.00
0.00 (a) (b)
T T T T T T
1996 2006 2016 1996 2006 2016
Year Year
-1.6
= Upper reaches of Yangtze River
o~ -1.8 Linear fitting "
D u
)
on -2.0 o
=
N
B
o -2.4 4
—
G
e -2.6
= 2.8
N =40 T u
2 T e
£ 3.0+ - .
= o u ]
= [ [
324 (¢)
T T T
1996 2006 2016
Year

Figure 3: (a—c) Estimation and spatial-temporal variation of N and P runoftloading during last three decades that from
1992 to 2021. All trends adopt the method of linear fitting. Upper reaches of Yangtze River, middle and lower reaches of
Yangtze River, Southeast Coast and Pearl River basin are denoted as U-YR, ML-YR, SC and PR, respectively. Note: The
linear fitting of TNy runoff load have significant correlation with the experimental data. The equations are y = 0.913x
-1822.752 (R* = 0.49, p < 0.05, U-YR), y = —0.409x + 841.276 (R* = 0.30, p < 0.05, ML-YR), y = —0.015x - 27.629 (R* =
0.24, p < 0.05, SC), and y = 0.813x - 1626.673 (R* = 0.56, p < 0.05, PR) respectively in Fig. 3a. The linear fitting of TPy
runoff load has a certain correlation with the experimental data. The equations are y = 0.015x - 32.234 (R>=0.24, p <
0.05, U-YR), y = 0.287x - 569.722 (R* = 0.48, p < 0.05, ML-YR), y = 0.171x - 340.647 (R* = 0.72, p < 0.05, SC), and y
= 0.718x - 1440.356 (R* = 0.73, p < 0.05, PR) respectively in Fig. 3b. In Fig. 3¢, the vertical coordinate represents the
logarithm of TPy, and a negative value indicates a smaller value. The original value of U-YR refers to the figure (shown
in b). The TPy trend of U-YR is shown in Fig. 3¢
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Figure 4: (a,b) Temporal and spatial changes of annual N and P runoff loading per unit area of vegetable production
in southern China during last three decades (1992-2001, 2002-2011, and 2012-2021). Upper reaches of Yangtze River,
middle and lower reaches of Yangtze River, Southeast Coast and Pearl River basin are denoted as U-YR, ML-YR, SC
and PR, respectively

3.4 Temporal and Spatial Changes of Soil Nutrient Content

Residual soil N and P nutrients can directly or indirectly influence N and P runoft losses from both
conventional farmland and vegetable production systems. Compared to the period of 2002-2011, the SOM
contents measured in 2012-2021 decreased by 34%, 30%, and 17%, in the U-YR, SC, and PR, respectively,
but increased by 8.8% in the ML-YR. Regional soil available N content changes from 2002-2011 to 2012-
2021 were recorded as follows: SC (+68.6%), PR (+31.4%), ML-YR (+4.0%), and U-YR (-15.4%). Compared
with the 2002-2011 period, available P contents in vegetable soils during 2012-2021 increased substantially
by 87.1% and 60.7% in the SC and ML-YR regions, respectively, while decreasing by 28.5% and 64.5% in the
PR and U-YR regions (Fig. 5).

3.5 Cause Analysis of the Changing Trend of N and P Runoff Loads

During last three decades, the TNy runoff loads from vegetable fields gradually increased in the U-YR
and PR regions, while they gradually decreased in the ML-YR and SC regions. During the same period,
the TPy runoff loads in the Yangtze River (U-YR and ML-YR), PR, and SC regions increased annually.
We conducted a preliminary analysis to elucidate the changing patterns of N and P runoft loads from
intensive vegetable production systems in southern China. Between 2006 and 2016, vegetable cultivation
areas expanded by 68% in U-YR and 28% in PR (Fig. 1). Notably, N fertilizer application rates during 2012—
2021 were 25% (U-YR) and 54% (PR) higher than during 2002-2011 (Fig. 2). Consequently, TNy runoff loads
increased dramatically by 142% and 186% in U-YR and PR, respectively (Fig. 3), with loss rates significantly
exceeding those in other regions and progressively surpassing ML-YR levels (Table 2). During 2006-2016,
the ML-YR and SC regions showed slower rates of new vegetable field establishment compared to other
regions. and the SC region even witnessed a decline in vegetable cultivation area. Data in Fig. 5a suggested
that the SOM content of vegetable soil in the ML-YR region was approximately 0.8 to 1.1 time higher than
that recorded in other three regions. Similarly, the SC region exhibited an average soil available N content of
168 mg kg™, approximately 1.1-1.3 times higher than other investigated regions in southern China (Fig. 5b).
Beside this situation, there was a modest increase in N fertilizer application rate in ML-YR by only 3.9% but
a decrease in the SC by 11.6%, contributed to alleviating N runoft loss (Table 2).
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Figure 5: Temporal and spatial changes in contents of soil organic matter (a), soil available N (b), and soil available
P (¢) in last three decades (1992-2001, 2002-2011, and 2012-2021). Upper reaches of Yangtze River, middle and lower
reaches of Yangtze River, Southeast Coast and Pearl River basin are denoted as U-YR, ML-YR, SC and PR, respectively

Table 2: Change of vegetable cultivation area, N rate per unit area, SOM and TNy runoff loading

Vegetable N application rate SOM TNy runoffloading
cultivation area
Period A Period B Period A Period B Period A Period B Period A Period B
U-YR +81.74%  +68.04% NA +25.29% NA -33.87% NA +141.84%
ML-YR +4594%  +14.68% -39.91% +3.86% -13.10% +8.83% -18.76% -9.62%
SC +75.48%  -12.59% NA -11.55% NA -29.95% NA -17.43%
PR +33.86%  +28.44% NA +53.53% NA -17.32% NA +186.24%

The ML-YR region exhibited progressive expansion of vegetable cultivation area, with agricultural lands
having extended production histories representing the dominant field type. During 1992-2021, SOM and
available P contents ranged from 15.6 to 36.3 g kg™ ! and 46.5 to 141.7 mg kg™ ', respectively (Fig. 5). In the PR
region, the significant expansion of vegetable cultivation area led to a170% increase in P fertilizer application
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rates, rising from 108 kg P,Os ha™' (2002-2011) to 292 kg P,Os ha™' (2012-2021) (Fig. 2). This situation was
attributed to the scarcity of soil nutrients, particularly characterized by an average soil available P content
(<100 mg kg ™). The SC region also showed substantial growth in TPy runoff loss over the past decade, though
its absolute values remained 241% lower than other regions (Table 3).

Table 3: Change of P rate per unit area, SOM and TPy runoft loading

P application rate  Soil available P content SOM TPy runoff loading
Period A Period B Period A Period B Period A Period B Period A Period B

U-YR -13.73% -10.55% —69.25% -64.52% NA -33.87% +5.39% +1.57%

ML-YR +48.80% +20.73% +153.69%  +60.69% -13.10% +8.83% +86.00% +39.18%
SC NA +140.53% NA +87.08% NA -29.95% NA +111.49%
PR NA +170.16% NA -28.49% NA -17.32% NA +220.56%

Note: U-YR is upper reaches of the Yangtze River, ML-YR is middle and lower reaches of Yangtze River, SC is
Southeast Coast, PR is the Pearl River basin. Period A and B represented the phases from 1992-2001 to 2002-
2011 and from 2002-2011 to 2012-2021, respectively. The “NA” indicates that there is no data in this period. The
increase rate for period A = (the value of each indicators in 1992-2001 minus that in 2002-2011)/the value of each
indicators in 1992-2001. The increase rate for period B = (the value of each indicators in 2002-2011 minus that
in 2012-2021)/the value of each indicators in 2012-2021.

4 Discussion

This study comprehensively examined the spatial-temporal dynamics of N and P runoft loads in
vegetable fields at southern China, revealing the distinct interannual trends and regional disparities. These
findings facilitate estimation of N and P runoft loads in critical watersheds, supporting non-point source
pollution control. We previously investigated in the Taihu Lake region, which belong to ML-YR, and
found that N runoff load from vegetable fields significantly decreased from 2002 to 2017 [22], which was
further corroborated by our systematic analysis. However, the P runoft loads exhibited significant spatial
variations, which was potentially due to the mitigation of residual soil P and the reduction of P fertilizer
application in the Taihu Lake area (Fig. 3). Zhejiang Province, located in the ML-YR, was with an average
losses of 15.0 kg N ha™! per season of vegetable in 2010 according to Shan et al. [23]. Field experiments
conducted from 2008 to 2010 in a Taihu Lake watershed revealed seasonal N and P loss loads from vegetable
plots ranging from 9.3-70.9 kg N ha™' and 0.34-7.3 kg P,Os ha™', respectively, demonstrating significant
nutrient discharge variability within the same agricultural region [24]. We quantified runoff loss rates in
the study area during 2002-2011 as 0.19 (0.01-0.38) to 0.26 (0.01-0.51) kg N ha™' and 0.046 (0-0.093)
to 0.092 (0-0.185) kg P,Os ha™', which increased to 0.13 (0.01-0.26) to 0.30 (0.01-0.59) kg N ha™! and
0.055 (0-0.111) to 0.128 (0-0.258) kg P,Os ha™! during 2012-2021, consistent with our current findings. A
longitudinal study of vegetable plots in Guangdong province (belonging to PR) measured N runoff losses at
23.3 kg ha™! in 2011, demonstrating significant nutrient discharge from intensive vegetable production
systems [25]. Subsequently, quantitative experiments indicated that 4.7 kg of P,Os ha™' was lost in runoff
in each vegetable season in 2018 [26]. Our results demonstrated that N and P runoff loads from vegetable
fields in the PR region during the study period ranged from 0.14 (0.01-0.26) to 0.35 (0.02-0.67) kg N ha™!
and from 0.034 (0-0.069) to 0.085 (0-0.171) kg P,Os ha™*, respectively. From a global perspective, long-term
monitoring of Norwegian farmlands (1991-2013) revealed TN runoft losses ranging from 2.0 to 69.2 kg N
ha™! yr', reflecting significant spatial-temporal variability [27]. This value is much higher than the average
value in other regions of the Nord-Baltic Sea, but it is close to the average TN loss per unit area of vegetable
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plots in southern China from 1992 to 2011 (54.6 kg N ha™! yr ). It shows that China still needs to strengthen
the continuous monitoring and targeted management of runoft N loss in vegetable fields on the basis of
the existing management. Agricultural runoft in four Indian regions (1970-2020) showed accelerated N and
P losses, with mean annual discharges increasing from 0.32 to 1.55 Tg N yr ! and 0.09 to 0.65 Tg P yr™*,
respectively—a rate surpassing that of southern China’s vegetable fields [28]. It is speculated that the annual
rainfall in this region is higher than that in southern China. Therefore, comprehensive analysis of natural

factors should be added in the future.

Spatiotemporal variations in N runoff loads were observed, with increasing trends in the U-YR and
PR regions but decreasing trends in the ML-YR and SC regions (Fig. 3). This trend may be related to the
N fertilizer application rates and techniques, and the expanding vegetable productions. A study conducted
in Anhui province (belonging to ML-YR) demonstrated that optimized N fertilizer application rates and
improved management practices could reduce N losses in vegetable fields by up to 90% [29]. Similarly, the
results based on Zhejiang, belonging to the SC region, also demonstrated that decreasing N rate and incor-
porating organic fertilizers help to diminish the runoft N loss [30]. Recent studies have demonstrated the
effectiveness of nitrogen fertilizer reduction and optimization strategies. In long-term cultivated vegetable
fields, balanced fertilization practices have been increasingly adopted, leading to measurable decreases in
soil N runoff losses. For instance, we found that the N runoff loads in the ML-YR (1992-2011) and SC (2002-
2021) both experienced a relative reduction process. Furthermore, Tian et al. demonstrated that short-term
N fertilizer reduction or omission in long-term over-fertilized soils maintains crop yields while reducing
environmental N losses [31]. Therefore, promptly adjusting N fertilizer application rates in vegetable fields
with long-term nutrient accumulation can effectively reduce soil nutrient losses. With the growth of China’s
population, the demand for vegetables has increased, and the vegetable cultivation area in southern China
has increased rapidly, particularly that of Guangxi and Guangdong province in the PR regions, as well
as the U-YR region (Fig. 1). These two regions have become essential centers for Chinas overwintering
vegetable production. The high yield of vegetables in southern China significantly relies on N fertilizer
input, leading to the excessive N application into newly reclaimed vegetable systems. Nitrogen fertilizer
application was identified as a dominant driver of N losses in vegetable production systems within the PR
region [32]. Furthermore, SOM content significantly influenced N runoff loads. Land use structure changes
represent a primary determinant of surface SOM and soil organic carbon (SOC) dynamics [33,34]. Notably,
the conversion of native soils or paddy fields (with inherently higher carbon storage capacity) to vegetable
fields, particularly intensive cultivation systems, progressively depletes soil organic matter reserves [35,36].
The change of fertilizer application mode can directly lead to the change of organic matter [37,33]. According
to the survey and data summary conducted by Lu et al. nitrogen fertilizer application in the U-YR and PR
regions increased more from 2012 to 2021 than from 2002 to 2011, and due to the large number of newly
cultivated vegetable plots (Table 2) [35]. Most of them are intensive vegetable plots [35], with small initial
SOC reserves, weak soil fertilizer retention capacity, and a large overall loss of soil organic matter and C/N,
resulting in a large increase in N runoft loads. However, despite a reduction in vegetable cultivation area in
the SC region during 2012-2021 compared to 2002-2011, insufficient N fertilizer inputs (Table 2), coupled
with slow soil organic matter accumulation and limited C/N ratio improvement, resulted in declining TN
stocks. Due to the gradual increase of organic fertilizer replacement and straw returning ratio in ML-YR area
in recent years [38,39], SOM reserves increased and TN loss was controlled.

Our results revealed increasing temporal trends in P runoff loads across all study regions, with partic-
ularly pronounced increases in the ML-YR and PR regions. In the ML-YR region, high P runoff loads may
result from prolonged vegetable cultivation in soils with accumulated P exceeding system thresholds. This
condition precipitates a more rapid increase in P runoff load compared to other three investigated regions in
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southern China. Open-air vegetable fields near Taihu Lake (belonging to ML-YR region) exhibited surface
soil Olsen-P concentrations approaching 80 mg kg™*, significantly exceeding environmental thresholds [40].
The P contents of vegetable soils with 15-30 years cultivation history always surpassed the soil P threshold,
indicating an increased risk of runoff with prolonged cultivation in Hunan province [41]. In addition,
vegetable yields remained stable despite increased chemical and organic P fertilizer inputs, while soil soluble
P accumulation elevated runoff risks [42]. Similarly, subtropical Chinese vegetable soils showed annual P
surpluses of 205-252 kg ha™" due to excessive fertilization and suboptimal management practices [43].

In areas with abundant rainfall, such as southern China, vegetable fields around natural water bodies
easily discharge N and P pollutants into surface water through runoft due to their high residual level. There
are studies have shown that, while irrigation expansion reduces riverine sediment loads, it exacerbates N
and P losses from agricultural systems [11]. Besides leaching, runoff is another main pathway of N discharge
from intensive vegetable system in southern China. Shan et al. reported that nitrogen loss from vegetable
fields in the Taihu Lake area contributes 59% of the nitrogen required for eutrophication in the Taihu Lake
waters [23]. In the southwestern China (U-YR), highland lakes are extensively bordered by agricultural lands,
where vegetable production occupies 34% of the total cultivated area [44]. Traditional vegetable and flower
cultivation practices in southwest China (belonging to U-YR region) contribute significantly to adjacent
water N and P pollutions. Furthermore, mixed land use and seasonal fluctuations were found to amplify
groundwater nitrate (NO;™) and total N concentrations, intensifying non-point source pollution in affected
watersheds [44]. According to the data of Chinas pollution census, the total N and P discharges from
agriculture in southern China increased rapidly from 2016 to 2021. During the study period, total N and P
discharges from vegetable fields in southern China increased by 85% and 121%, respectively, exhibiting a
consistent upward trend. In China, the emissions of agricultural ammonia NH4", total N and P pollutants
from the southern regions were significantly more than those from the northern regions in 2021 [2]. Of
which, the total N and P discharges reached 1.13 and 0.19 million tons respectively, representing 67.1%
and 69.8% of national totals, with Guangdong, Sichuan, Hubei, Zhejiang, and Jiangsu provinces as the
primary contributors. The Yangtze River (YR) and Pear] River (PR) regions represent China’s most significant
agricultural sources of N and P pollution, accounting for 61% and 63% of national emissions, respectively. For
instance, Guangdong and Sichuan provinces emitted approximately 16.5 and 10.4 t of total N, respectively, in
2021. Furthermore, approximately 32% of China’s agricultural N runoff loads in 2021 originated from the PR
and U-YR regions [2]. These regions have emerged as China’s primary agricultural pollutant sources, with
newly reclaimed vegetable fields representing significant contributors to N and P non-point source pollution.

This study examined Chinas three decade period of rapid economic development, coinciding with
substantial expansion of the vegetable industry toward western and southern regions. The accelerated growth
in vegetable cultivations increased the risks of non-point source N and P pollutions, which should be
paid more attentions. For long-term vegetable cultivation systems, improving crop utilization efficiency of
accumulated soil nutrients is essential to mitigate N and P runoff risks. For example, balance the nitrogen
fertilizer of U-YR and PR, and properly control the amount of new cultivation area while ensuring the
yield in the area. Meanwhile, for newly cultivated vegetable fields, balanced N and P fertilizer application
is crucial to minimize potential nutrient losses to aquatic ecosystems. The ML-YR region requires careful
management of P accumulation through optimized N:P fertilizer ratios and reduced P application rates. And
the PR region should focus on limiting both vegetable cultivation expansion and total P fertilizer inputs.
However, besides two main variables of vegetable cultivated area and fertilizer application rate, the subtle
differences of multiple cropping index between different regions need to be further refined. Moreover, our
estimation of annual average N and P runoff losses from southern China’s vegetable fields did not account
for regional extreme planting conditions. It has been demonstrated that the soil bulk density and soil slope
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with rainfall characteristics as well as irrigation methods are important driving forces of N and P migrations,
which factors affecting runoff will be considered in the future.

5 Conclusion

This study synthesized data from published literature and official statistics to analyze spatiotemporal
patterns in vegetable cultivation areas, N and P fertilizer inputs, and associated runoff losses across four
regions (U-YR, ML-YR, PR, and SC) from 1992 to 2021. Results revealed a substantial expansion of
vegetable production areas alongside increasing inorganic N and P fertilizer application rates. While total
P runoftf losses showed continuous growth throughout the study period, N losses increased during 1992-
2011 but stabilized in the subsequent decade. The analysis identified cultivation area expansion, rather than
fertilizer application rates alone, as the primary driver of nutrient runoft. These findings highlight the
need for differentiated nutrient management strategies between newly established and long-term vegetable
production systems. In the future, more summarization should be made to guide fertilizer management to
cover the whole of China to mitigate non-point sources of N and P pollutants. Moreover, the relationship
of N and P runoff losses from vegetable, their transformations, and transmissions until they enter into the
adjacent lake or river environment should be built.
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