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Abstract: The surface hydrology and diffuse pollution loading is hypothesized based on the unique
characteristics under different rainfall types in watersheds with a subtropical monsoon climate. This
study evaluated the effects of different rainfall event intensity on surface runoff and diffuse nitrogen
loss in a subtropical watershed located in the latitude range between 22.5◦ north and 25◦ north in
southern China by adapting the hydrological model SWAT (Soil and Water Assessment Tool). The
rainfall events were classified into four categories including light rainfall (LR), moderate rainfall (MR),
intense rainfall (IR), and extreme rainfall (ER). Our results showed that the ER events had the lowest
occurrences of 7 days per year, but they contributed the most to total surface runoff (54.29%) and
TN losses (57.63%) in the subtropical watershed researched. Although forests and pastures had a
better effect on reducing diffuse pollution, their surface runoff and nitrogen loss were still proved to
be serious under ER events. As for the nitrogen loss form, water-soluble nitrogen oxides nitrogen
(ON-N) loss was the dominant form of total nitrogen (TN) loss, which accounted for 90% of the
total loss in the simulated watershed in the subtropical monsoon climate region. Under LR events,
however, nitrate nitrogen (NO3-N) accounted for 74.54% and 55.59% of TN losses from paddy fields
and dry lands, respectively. The effects of antecedent soil water content (ASW) on surface runoff and
TN loss were higher under ER events. The surface runoff and TN loss in the high-ASW condition
were 1.17–3.86 times and 1.34–1.76 times higher, respectively, than in the low-ASW condition. These
findings highlighted the important influence of ER events on diffuse pollution and have significant
implications for controlling diffuse pollution under different rainfall types. This conclusion proved
that extra attention and efforts are required in handling non-point-source pollution in subtropical
monsoon watersheds than the watersheds in cooler regions because the natural systems including
forest and pastures are no longer effective enough in controlling surface runoff and TN loss during ER.

Keywords: surface runoff; diffuse pollution; nitrogen loss; rainfall types; land use

1. Introduction

Watershed diffuse pollution has become an important cause of water quality deteriora-
tion and it is also the direct consequence of hydrological processes under rainfall events [1].
Nitrogen (N), as a primary component of the diffuse pollution, is sensitive to different
climatic conditions [2]. The climatic condition contributes to 6.12–26.20% change in total
nitrogen (TN) loss [3]. In particular, the climatic conditions such as extreme rainfall events
and heavy annual rainfall are reported to be critical in influencing nitrogen loss through hy-
drological features, litter decomposition, and soil nitrogen transformation [4–6]. Moreover,
the runoff and TN loss are expected to be serious in watersheds with both high annual
rainfall and temperature [7]. Their loss coefficients in temperate climate regions were
usually 8 to 12 times higher than in cold climates [8]. Therefore, the extreme rainfall events
during rainy seasons have become major concerns regarding diffuse nitrogen pollution [9].
What is worse, climate change, which has been accelerating during the last century, has led

Processes 2023, 11, 1910. https://doi.org/10.3390/pr11071910 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr11071910
https://doi.org/10.3390/pr11071910
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-9828-0279
https://doi.org/10.3390/pr11071910
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11071910?type=check_update&version=1


Processes 2023, 11, 1910 2 of 14

to higher annual rainfall and more extreme rainfall events globally, especially to the regions
with subtropical monsoon climate [10,11]. Therefore, it is of vital importance to assess the
impacts and understand the mechanisms by which changes in climatic conditions affect
the watershed diffuse pollution under subtropical monsoon climate.

Except for the temporal and spatial distribution tendencies of the watershed diffuse
pollution, the soil N biochemical cycle can also be affected by climate factors; hence, the
forms of nitrogen loss from terrestrial ecosystems could vary significantly throughout dif-
ferent climate zones due to the different soil N transformation processes [6,12]. For instance,
dissolved organic nitrogen is the main form of diffuse nitrogen in the watersheds with
subtropical acidic forest soil, while nitrate nitrogen (NO3-N) is dominate in watersheds
with temperate acidic forest soils [12]. Among the impacting factors, rainfall characteristics
are one of the most critical in affecting the nitrogen form in the watershed diffuse pollu-
tion, such as adsorbed organic nitrogen (ON-N) and dissolved NO3-N. The NO3-N was
reported to be relatively dominant under light rainfall (LR) conditions, while the ON-N
was dominant under heavy rainfall conditions [13]. For example, the percentage of ON-N
was expected to increase from 44.87% to 61.92% of the TN loss when the rainfall intensity
changed from 45 mm/h to 120 mm/h on bare loess soil and the percentage of NO3-N
decreased from 48.40% to 29.40% of the TN loss when the storm return period changed
from less than 1 year to more than 10 years in a sub-watershed of the Mahantango Creek,
USA [14,15]. However, the watersheds under subtropical monsoon climate face different
conditions. Diffuse pollution has been proved to be serious and critical in these watersheds.
What is worse, the mechanisms by which changes in climatic conditions affect the temporal
and spatial distribution behaviors and nitrogen loss forms remained unclear. Hence, it
is important to assess surface runoff and nitrogen loss characteristics in watersheds with
subtropical monsoon climate.

Another critical factor affecting watershed diffuse nitrogen pollution is the soil param-
eters and land use changes within the watershed, which could explain more than 70% of the
total nitrogen in the river under some extreme cases [16,17]. Among the soil parameters that
could lead to watershed diffuse nitrogen pollution changes, the antecedent soil water con-
tent (ASW) is one of the most critical factors that affects soil water storage and infiltration
capacity, thereby influencing diffuse pollution mechanisms [18]. Land use changes such as
changes in crop types, land management practices, land use distributions, and riverbank
buffers could affect watershed diffuse nitrogen pollution distribution behaviors [19–23].
Hou et al. found that a decrease of nearly 10% in the nitrogen load in surface runoff could
be achieved by redistributing land uses within the experimental watershed without any
changes in any types of land management practices [24]. The modelling of nine manage-
ment practice scenarios indicated that pasture installation resulted in a 97% reduction in
NO3-N loss in a watershed of central Iowa [25]. Meanwhile, different land use types can
affect the forms of watershed nitrogen loss significantly. For instance, in stream water of
catchments dominated by tea plantations, the total ON-N and NO3-N concentrations were
3.27 and 5.40 times higher than the concentrations in forested catchments, respectively [26].
However, as watersheds are complex and robust ecosystems that are sensitive to both
natural and artificial factors, the dynamics of how changes in land use and climate change
impact the watershed diffuse nitrogen pollution forms and distribution behaviors under
subtropical monsoon climate have remained unclear. Additionally, the interactions between
rainfall patterns and land use changes have introduced extra uncertainties in the watershed
nitrogen pollution behaviors. Therefore, it is critical and essential for us to understand the
dynamics of the watershed diffuse nitrogen pollution processes that are related to land use
changes and different rainfall patterns in the subtropical monsoon climate regions.

The Soil and Water Assessment Tool (SWAT), a useful model for the assessment of
watershed hydrological processes and nutrient loading in mixed land use watersheds [27],
was employed in this study to estimate the overall influence of rainfall patterns on water-
shed diffuse nitrogen pollution in a typical watershed under subtropical monsoon climate.
Specifically, the main objectives of this study were to (1) assess the characteristics of surface
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runoff and TN loss under different rainfall types; (2) investigate the forms of nitrogen
loss under different rainfall types; (3) clarify the effects of soil hydrological factors, espe-
cially ASW, on surface runoff and TN loss in a mixed land use watershed with subtropical
monsoon climate.

2. Materials and Methods
2.1. Study Area Description and Rainfall Patterns

The Dongjiang watershed, located in southern China (Figure 1), experiences a subtrop-
ical monsoon climate with an average annual temperature of 21 ◦C and rainfall of 1800 mm.
The elevation ranged from −14 m to 1491 m in the Dongjiang watershed with six weather
stations and three hydrological stations used in this research, which made the watershed a
suitable watershed for setting up hydraulic models for assessing non-point-source pollution
and surface runoff. More than 72% of the total area is covered by forests and more than
13% by agricultural lands. Reports and data from local governments have shown that the
excessive application of fertilizers has increased the diffuse nitrogen pollution to water
bodies, which accelerated water quality degradation in the watershed. Some of the possible
reasons that could lead to the extensive use of fertilizer could be the need for higher crop
production from local farmers and lack of regulations in fertilizer application processes in
this region. Up to now, no detailed reports have been revealed concerning the reasons that
were directly related with this excessive application of fertilizers.
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Figure 1. Location, topographic distribution, and land use (2015) of Dongjiang Watershed.

The rainfall in this watershed showed significantly temporal variations with a distinctive
wet season from April to September. According to annual rainfall, the study years were
classified into three scenarios: dry (1989, 1991, 1996, 2003, 2004, 2007, 2009, 2012, 2013), normal
(1988, 1990, 1992, 1993, 1994, 1995, 1998, 1999, 2002, 2005, 2014, 2017), and wet years (1997,
2001, 2006, 2008, 2011, 2015, 2016). The wet years had an annual rainfall from 1981.62 mm to
2487.47 mm, while normal years were from 1587.91 mm to 1973.40 mm, and dry years were
from 1287.52 mm to 1582.84 mm, as shown in Table 1. By adapting the above classification
numbers, the non-parametric Least Significant Difference (LSD) test showed a significant
difference between groups at a significance level of 0.05 (Table 1), which proved that differences
existed between groups. All the statistics tests were prepared in R (version 4.2.0).
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Table 1. Characteristics of dry, normal, and wet years based on the yearly rainfall.

Classification Mean mm/y Max mm/y Min mm/y STDEV mm/y LSD Test *

Wet 2176.45 2487.47 1981.62 307.97 a
Normal 1766.82 1973.40 1587.91 100.52 b

Dry 1422.16 1582.84 1287.52 109.25 c
Note: * The significant difference is at the level of 0.05 and different letters show that significant differences existed
between groups.

The daily precipitation was classified into four groups with the percentile threshold
method, which is commonly used with a percentile value (95th percentile) as the extreme
threshold during 1988 to 2017 [28]. The rainfall threshold of the whole watershed was
calculated using the mean precipitation of each weather station weighted by covering
area within the watershed. The definitions of LR and MR were based on the classification
from the China Meteorological Administration. The daily rainfall amount (Ri) was divided
into four types: 1 mm ≤ LR< 10 mm; 10 mm ≤ MR < 25 mm; 25 mm ≤ intense rainfall
(IR) < 55.9 mm; and extreme rainfall (ER) ≥ 55.9 mm. The LR had the highest annual
occurrence (81 days) and the lowest rainfall amount (358 mm). The annual occurrence was
38 days for MR and 21 days for IR, representing 26.55% and 32.93% of the annual rainfall,
respectively. Although ER had the lowest occurrence frequency (7 days on average), it
contributed 24.96% of the annual rainfall amount. The rainfall amount of ER (575 mm) was
almost equal to MR (611 mm). The main difference between wet, normal, and dry years
was rainfall occurrences and amount of IR and ER (Table 2). The rainfall occurrence of
IR and ER in wet years was 7 and 3 days higher than normal years, respectively, and 12
and 5 days higher than dry years. The rainfall amount of ER in wet years was 47.90% and
104.24% higher than in normal and dry years, respectively.

Table 2. Statistical features of rainfall pattern in dry, normal, and wet years from 1988 to 2017.

Rainfall Occurrence Rainfall Amount (mm)
LR MR IR ER

LR MR IR ERDay % Day % Day % Day %

Wet 84 ± 13 a 52.17 41 ± 7 a 25.47 27 ± 6 a 16.77 9 ± 3 a 5.59 379 ± 65 a 665 ± 124 a 998 ± 232 a 799 ± 312 a
Normal 84 ± 12 a 56.38 39 ± 5 a 26.17 20 ± 4 a 13.42 6 ± 2 a 4.03 374 ± 54 a 627 ± 82 a 737 ± 157 a 540 ± 231 b

Dry 74 ± 10 a 58.27 34 ± 5 a 26.77 15 ± 5 b 11.81 4 ± 2 b 3.15 320 ± 51 a 541 ± 92 a 539 ± 180 b 385 ± 175 b
Average 81 ± 12 55.10 38 ± 5 25.85 21 ± 5 14.29 7 ± 3 4.76 358 ± 51 611 ± 99 758 ± 190 575 ± 239

Note: LR, MR, IR, and ER represent light rainfall, moderate rainfall, intense rainfall, and extreme rainfall,
respectively. Different letters in the same column indicate that different hydrological years reach significant
differences at the 0.05 level.

2.2. SWAT Model Setup

The SWAT model (version 2012) was used to simulate the surface runoff and nitrogen
loss in the watershed. The model databases included Digital Elevation Model (DEM),
land use, soil properties, meteorological data, and agricultural management information.
The DEM was obtained from the Geospatial Data Cloud (http://www.gscloud.cn, ac-
cessed on 1 July 2020). Land use properties of 1990, 2000, 2010, and 2015 were obtained
from the Resource and Environment Data Cloud Platform, Chinese Academy of Sciences
(http://www.resdc.cn/, accessed on 23 May 2020) and were used in the model simulation
to represent the land use of 1985–1994, 1995–2004, 2005–2011, 2012–2017 (Table 3). The
database of soil properties was obtained from the Institute of Soil Science, Chinese academy
of Science (access date 21 November 2019). The three major soil types in Dongjiang wa-
tershed are red soil, latosol, and paddy soil, which occupy 39.39%, 36.95%, and 16.93% of
the total area, respectively. Daily meteorological data (rainfall, maximum and minimum
temperature, relative humidity, wind speed, and daylight hours) from 1985 to 2017 were
collected from the National Meteorological Information Centre, China Meteorological Ad-
ministration (http://data.cma.cn, accessed on 12 March 2020). The solar radiation data
were calculated by daylight hours through the method proposed by Neitsch, and further
details can be found in the model’s theoretical documentation [29]. The dominant crops for

http://www.gscloud.cn
http://www.resdc.cn/
http://data.cma.cn
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paddy field and dryland were rice and peanut, respectively. They were set as an annual
rotation tillage system. The date of sowing, fertilization, and harvesting, as well as the
amount of fertilizer, were imported into the model. According to the local agricultural
survey, the average amount of nitrogen fertilizer (element N) applied in each crop season
was 200 kg/ha and 187 kg/ha for rice and peanuts, respectively. The model run from 1985
to 2017 and the data from 1985 to 1987 was used for model warm-up. All the GIS data and
SWAT were prepared in ArcGIS (version 10.2).

Table 3. Land use composition dynamics for Dongjiang watershed from 1990 to 2015 (%).

Land Use 1990 2000 2010 2015

Paddy field 11.40 11.28 10.64 4.98
Dry land 5.70 5.48 5.15 8.77

Forest 75.97 75.84 75.68 72.54
Pasture 3.79 3.84 3.46 8.00

Urban area 1.30 1.72 2.62 2.04
Water 1.84 1.84 2.45 3.67

2.3. Model Calibration and Validation

The daily stream flow data obtained from three hydrological stations for the 2011–2014
period (Fengshuba, Xinfengjiang, and Boluo) and the monthly TN load obtained from the
Boluo station from 2013 to 2014 were used for model calibration and validation. As one
of the most widely used algorithms for model calibration and validation, the Sequential
Uncertainty Fitting (SUFI2) algorithm provides the researchers the ability to assess the
fitness between two sequential time series with uncertainty. As a result, calibration and
validation analyses were conducted using the SUFI2 algorithm in the SWAT-CUP (SWAT-
CUP version 5.1.6.2), which was developed by the Neprash Corporation and Texas A&M
University. Satisfactory model performance of daily stream flow and monthly TN load were
achieved during calibration and validation periods (Figure 2). Coefficients of determination
values (R2) were greater than 0.6 and the Nash–Sutcliffe efficiencies (ENS) were greater than
0.5. More importantly, the SWAT model set up could precisely simulate the impacts from
extreme weather events such as long-term dry periods and extreme weather events, both of
which could play critical roles in generating TN loss and surface runoff. Hence, the SWAT
model was reliable for simulating the surface runoff and nitrogen loss in the watershed.
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2.4. Data Analysis

To investigate the effects of ASW on surface runoff and nitrogen loss under different
rainfall types, the soil water conditions were divided into three groups based on soil ASW
values. The soil moisture condition was defined as ‘low’ when the ASW value was lower
than the 25th percentile of all watershed ASW values, as ‘high’ when the value was higher
than the 75th percentile, and as ‘medium’ when the value was between the 25th and
75th percentiles.

The differences between rainfall occurrence and amount of each rainfall type were
assessed using the one-way analysis of variance (ANOVA). To explore the impacts of
hydrological factors (rainfall, soil water, percolation water, and ASW) on watershed surface
runoff and nitrogen loss, the simulation years were classified into three categories including
dry, normal, and wet years based on annual rainfall amount. Based on the results, the
outputs of 2015, 2016, and 2017 were classified as typical normal, wet, and dry years,
respectively. The ternary plots were used to present the dynamic effects of rainfall, soil
water, and percolation water on surface runoff and nitrogen loss. Each factor was rescaled
from 0 to 1, and the plots represented the relative values.

3. Results
3.1. Daily Dynamics of Diffuse TN Loading under Rainfall

To understand the dynamics of how diffuse nitrogen loss is influenced by daily rainfall,
the relationship between daily streamflow at the watershed outlet and watershed mean
daily rainfall was evaluated. The watershed monitored daily rainfall, simulated stream
flow, and nitrogen loading in 2015 are shown in Figure 3. The rainy period mainly occurred
from May to August with more extreme rainfall events and higher base value. The rainfall
amount of LR, MR, IR, and ER was 358, 611, 758, and 575 mm, with the corresponding
occurrence rates at 55.10%, 25.85%, 14.29%, and 4.76%, respectively. Daily stream flow
and TN loading change showed a similar trend to rainfall, which meant rainfall was the
direct influencing factor for these changes. Additionally, the changes in TN loss and
stream flow were higher than precipitation, which proved that TN loss and surface runoff
were expected to magnify the increasing level of precipitation and result in more serious
ecological concerns and risks.
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The scatterplot of the response of TN losses to rainfall in this watershed is shown in
Figure 4a, in which rainfall intensity was divided into four levels according to the daily
rainfall amount, as detailed in Section 2.1. The average TN losses under ER (658.2t) were
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over 38 times more than LR (15.2t) and over 18 times more than IR (32.8t), which meant the
TN loss was sensitive to the rainfall. One-way ANOVA showed TN losses under different
rainfall levels were significantly different (p < 0.01). It was also found that TN losses had
significant strong Pearson correlations with daily rainfall amount. The TN losses depended
exponentially on rainfall amount as fitted in Figure 4a, while residual error also meant that
rainfall was not the only major influencing factor on TN losses. Meanwhile, the ON-N
losses showed a similarly exponential relationship with rainfall amount as TN losses, as
shown in Figure 4b. While NO3-N showed weak Pearson correlation with rainfall amount
(r = 0.272), there were no significant differences between the NO3-N values of ER and IR or
ER and MR. This finding indicated that the effect of rainfall intensity on TN loss change
was that heavy rainfall was expected to accelerate ON-N loss more than NO3-N.
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3.2. Watershed Diffuse TN Loading from Different Land Uses and Rainfall Conditions

In order to highlight the impacts of land use on TN losses, the watershed daily diffuse
TN losses from four main types of land uses were compared. As shown in Figure 5, TN
loading increased exponentially with daily rainfall intensity, increasing for all the four types
of land use, while the rising tendency varied among different land use types. The average
TN losses from all four land uses were lowest under LR events by 0.0015, 0.0050, 0.0363, and
0.0491 kg ha−1 for forest, pasture, paddy fields, and dry lands, respectively. Furthermore,
the values increased significantly, up to 0.2873, 1.5479, 1.4371, and 2.2674 kg ha−1 under ER
events. It was obvious that the average TN losses were minimal for forest land, especially
under ER events. Moreover, IR events contributed to 34.34, 35.07, 38.32, and 39.60% of
TN losses for forest, pasture, paddy fields, and dry lands, respectively, while ER events
contributed to 26.59, 31.08, 44.26, and 46.15% of TN losses from forest, pasture, paddy
fields, and dry lands. As a result, IR and ER were the dominant rainfall types that could
cause diffuse TN pollution in this watershed in the subtropical monsoon climate region.
The order of sensitivity of TN loss to daily rainfall intensity of the four types of land uses
from high to low was dry lands, paddy field, pasture, and forest.

The proportion of diffused nitrogen forms is shown in Figure 5b. Like Figure 4b,
ON-N losses from each land use type increased with daily rainfall exponentially; both TN
and ON-N losses showed a significant difference between the four rainfall levels for all
the land use types (p < 0.01), while NO3-N losses increased gradually from LR to IR and
then decreased slightly under ER except for paddy fields, for which NO3-N loss increased
from LR to ER. The differences in NO3-N losses between MR, IR, and ER were not always
statistically significant, as shown in Figure 5b. Moreover, although NO3-N losses changed
slightly with rainfall level, LR events contributed to most of the NO3-N losses, as it occurred
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more frequently than any other kind of rainfall; its contribution to NO3-N losses was 34.88,
42.80, 50.47, and 56.63% from forest, pasture, paddy fields, and dry lands, respectively.
By contrast, ER events contributed to only 2.99, 4.34, 3.57, and 2.97% of NO3-N loss from
forest, pasture, paddy fields, and dry lands, respectively. Hence, LR was the dominant rain
condition that caused NO3-N losses in this watershed, but IR and ER were the main type of
rainfall causing ON-N and TN losses.
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Moreover, paddy fields and dry lands contributed most to TN losses, at 28.80 and
47.52%, and contributed the most to NO3-N losses, at 54.46 and 46.94%, while dry lands
and pastures contributed most to ON-N losses, at 51.59% and 29.66%. Dry lands were the
most critical diffused nitrogen source in both forms of TN losses, while forests were the
least critical source.

3.3. Impact of ASW on Watershed Surface Runoff and TN Loss

After analyzing the impacts of rainfall and land use types on TN loss, the effects of
ASW on TN loss under different rainfall types were further compared for detailed dynamics
(Figure 6). Our results showed that high ASW would accelerate TN losses under rainfall
to a limited degree and was not statistically significant (p > 0.05). Under the ER type of
rainfall, TN loss under high-ASW conditions was 1.18, 1.05, 1.54, and 1.59 times the values
under low-ASW conditions for forests, dry lands, paddy fields, and pastures, respectively.
In dry lands, surface runoff was 33.59 mm under low-ASW conditions, but increased to
37.08 mm under high-ASW conditions. The latter was about 1.18, 1.64, and 1.97 times the
values in paddy fields, pastures, and forests in the high-ASW condition. TN loss in pastures
was 2.27 kg·ha−1 under high-ASW conditions, and the same values for dry lands were 1.36
and 7.83 times the values in paddy fields and forests, respectively.
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4. Discussion
4.1. Surface Runoff and Diffuse TN Loss under Various Rainfall Types

The relation between surface runoff and diffuse pollution loss is directly influenced by
the rainfall characteristics [30]. ER, which is characterized by high rainfall intensity and
low occurrences, plays an important role in causing severe runoff and nutrient losses [31].
In the subtropical watershed researched in this paper, although ER events had the lowest
occurrences of 7 days per year, they contributed the most to total surface runoff (54.29%)
and TN losses (57.63%). Additionally, low soil infiltration capacity promoted nitrogen loss
since it increased soil erosion by accelerating surface runoff [32].

Land use was another critical factor that could influence surface runoff and nitrogen
loss. Based on the simulated results, the surface runoff and TN loss from farmlands were
higher than that from forests and pastures under all types of rainfall researched in this paper
(LR, MR, IR, and ER), which proved that natural lands were advantageous in reducing
surface runoff and nitrogen loss compared with artificial agricultural lands [33]. During
this process, a higher percentage of rainfall was absorbed by soil or penetrated to the deeper
layers of soil columns in forests and pastures as soil water or percolation water instead
of flowing out as runoff [34]. Agricultural lands, however, usually have the lower soil
infiltration capacity and generate more surface runoff and nitrogen loss [35]. TN loss in
dry lands was about 1.7 times higher than paddy fields due to the fact that the surface
layers of the dry soil were more vulnerable to precipitation compared with the paddy field.
As a result, all types of precipitation could penetrate deeper into the dry soil surface and
resulted in increased loss in both TN and sediments. One major soil property that could
reflect this difference is that the paddy field usually has lower soil infiltration capacity
than dry lands [4]. Our results also showed that the surface runoff and TN loss from
forests and pastures were more sensitive to rainfall types than paddy fields and dry lands.
The percentage of surface runoff and TN loss under ER events in forests and pastures
(58.41–70.67%) was higher than in paddy fields and dry lands (48.60–50.60%), despite their
lower values (Figures 3 and 4). One possible reason for this finding was that the relatively
high ASW of the soil in forests and pastures was expected to significantly reduce the soil
interception capacity and the soil with decreased interception capacity would generate
more surface runoff and TN loss during ER events [35]. This finding proved that forests
and pastures were effective in controlling surface runoff and TN loss during LR, MR, and
IR events, but not as effective during ER events. For agricultural lands, frequent fertilizer
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applications, compacted soil surface, and low soil infiltration capacity were all expected to
result in serious surface runoff and nutrient loss under any type of rainfall event. However,
the agricultural lands under ER events should still be carefully managed, as the surface
runoff and TN loss were still the most serious and critical among all types of rainfall.

In conclusion, surface runoff and TN loss were proved to be serious under ER for
forests and pastures and under all types of rainfall for the agricultural lands. Meanwhile,
ER was found to be the type of rainfall with the most surface runoff and TN loss for all
types of land uses.

4.2. Different Forms of Nitrogen Loss under a Subtropical Monsoon Climate

The previous research by Deelstra et al. has found that nitrogen loss amount was
relatively high in the watersheds with high annual rainfall and temperature [36]. This
is likely due to the acceleration of nitrogen-releasing processes from biomass residues
as a result of the increased activity of soil microorganisms and fauna under high soil
moisture and temperature conditions [7,37]. Thus, more nitrogen diffuses to water bodies
during the rainfall–runoff process in watersheds with high rainfall and temperature. The
findings in our research are consistent with previous research in which runoff and TN were
significantly higher in a temperate climate region compared with a cold climate region [8].

Furthermore, the dominant form of nitrogen loss among different climate regions was
ON-N, implying that soil erosion-induced pollution was critical for the diffuse pollution
of these regions [38]. The fraction of ON-N became larger as temperature and rainfall
increased, and the ON-N percentage of total nitrogen loss was the highest among all
the nitrogen loss forms in watersheds with subtropical monsoon climate (90–95%) in our
simulation results. A possible reason for this conclusion was that higher soil moisture and
more frequent rainfall events were expected to promote the loss of ON-N that absorbed on
soil particles via soil erosion processes. The NO3-N loss ratio, however, would decrease as
annual temperature increased even if the annual rainfall amounts were similar [15,39]. This
could be attributed to the accelerated soil nitrogen mineralization process under higher
temperature [40]. This finding was also consistent with the previous research pointing out
that the increasing winter temperature mobilized the large stores of ON-N and increased
nitrate runoff [16]. The component of nitrogen could originate from the fact that biomass
residues in forests and pastures could be easily decomposed in a relatively short period of
time due to high temperature and humidity in subtropical regions [7].

The ON-N is adsorbed by soil particles and transported with sediment during soil
erosion in the nitrogen loss process [41]. Generally, increased rainfall was expected to result
in increased ON-N loss via soil erosion [14,15]. The same patterns could also be observed
in this study, as the percentage of ON-N loss increased as rainfall increased. Under ER
events, more than 97.22% of the TN loss was in the form of ON-N, the majority of which is
generated via soil erosion.

However, the dominant nitrogen loss forms showed critical variance under different
rainfall and land use types. For forests and pastures, the ON-N loss accounted for more
than 90% of TN loss regardless of rainfall type, which implied that nitrogen loss from
these two land use types was mainly related to soil erosion in the simulated watershed.
For agricultural lands, NO3-N, stored in the upper soil layers from excessive fertilizer
application, was highly soluble in water and could be easily washed away via the runoff
process [42]. This could partially explain the reason that the percentages of NO3-N loss
in the paddy field and dry lands were higher than in forests and pastures. The fact that
the ON-N loss ratios were lower in paddy fields than in dry lands might result from the
decreased soil erosion and nitrogen loss in paddy fields with higher field ridge and water
storage capacity [4,43].

4.3. Implications for Subtropical Watershed Management

The ER events were extremely critical in subtropical watersheds, especially under high
antecedent moisture conditions and in wet years. Compared with forests and pastures in
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the same region, agricultural lands were more vulnerable to more serious rainfall events
because significant changes in surface runoff and nitrogen loss ratio took place when
rainfall events moved from LR to ER. Therefore, ecological engineering structures and
buffer strips should be implemented along agricultural lands to naturalize the negative
impacts on surface runoff and nitrogen loss from frequent and unpredictable extreme
rainfall in subtropical regions [44].

Meanwhile, even though forests and pastures were proved to be sources of TN loss and
surface runoff, the recommendations for those two types of land use were not applicable due
to the fact that they belong to the native local ecosystems. As part of the local ecosystems,
the pollution and surface runoff should be a natural part of the processes within a reasonable
range. However, as climate change has become more and more significant and critical,
the increase in TN loss and surface runoff has become more and more concerning for
decision-makers and should be taken into consideration in future.

Furthermore, soil management practices such as conservation tillage, mulching, and
hedgerow systems could also be implemented in the watershed in subtropical monsoon
regions [31]. Agricultural diffuse pollution should be further minimized by reducing fertil-
izer application, increasing fertilizer use efficiency, and adopting no-tillage management [45].
Moreover, increasing the ridge height of paddy fields is an effective way to enhance field
water storage and reduce surface runoff and nitrogen loss [4]. For forest and pasture lands,
more care needs to be taken to prevent them from generating more TN loss and surface
runoff and becoming a critical source of pollution and ecological concerns under on-going
climate change.

5. Conclusions

The characteristics of surface runoff and diffuse nitrogen loss under different rainfall
types in a typical subtropical monsoon watershed were investigated using the SWAT
model. The results demonstrated that surface runoff and TN loss were expected to become
more serious as rainfall amount increased. ER events had the lowest occurrences, but it
contributed the most to surface runoff and TN loss. Although forests and pastures had
a better effect on reducing diffuse pollution, their surface runoff and nitrogen loss were
still proved to be serious under ER events. ON-N loss was the dominant form of TN loss,
accounting for 90% of the total loss in the simulated watershed in the subtropical monsoon
climate region. The percentage of ON-N loss increased as rainfall events changed from
LR to ER and nearly all the TN loss was in the form of ON-N under ER events. ON-N
was the dominant form of nitrogen loss generated from forests and pastures regardless
of rainfall type, while NO3-N loss was dominant under LR events for paddy fields and
dry lands. The effects of ASW on surface runoff and TN loss were higher under ER events.
The surface runoff and TN loss in the high-ASW condition were up to 4 times and about
1.5 times higher, respectively, than in the low-ASW condition.

The findings in this research have proved that ER events should be considered the
priority period in reducing nitrogen loss and surface runoff generated from the watersheds
in subtropical monsoon region. Notably, due to the extremely high annual rainfall amount
and daily rainfall intensity in this climate region, forests and pastures, which were usually
considered to be effective in controlling nitrogen loss and surface runoff, would still produce
a considerable amount of TN loss and surface runoff via soil erosion. This conclusion
proved that extra attention and efforts were required in handling non-point-source pollution
in subtropical monsoon watersheds than the watersheds in cooler regions because the
natural systems including forest and pastures were no longer effective enough in controlling
surface runoff and TN loss during ER. However, as our paper only analyzed the changes
brought to surface runoff and TN loss without assessing the ecological risks that could
be triggered by these changes, some of the future research could be applied to the area
assessing the harm and risk of the local ecosystems, especially under climate changes.
Additionally, some of the non-point-source pollution could be solved by civil engineering
processes designed using bio-chemical processes, especially for the extensive amount of
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TN loss in the surface runoff during ER. It would be beneficial both to local ecosystems as
well as farmers if the TN loss via agricultural land could be further utilized.

As a result, it is of vital importance for the decision-makers to make necessary plans
against ecological disasters triggered by extreme weather events, especially for the water-
sheds in the subtropical monsoon region, such as the Dongjiang watershed researched in
this paper. Additionally, possible land management such as raising paddy fields’ ridge
heights and growing protective crops during rainy seasons should also be applied to the
agricultural land in this region as well.
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