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Abstract Nitrogen (N) present in drinking water as dis-
solved nitrates can directly affect people’s health, making
it important to control N pollution in water source areas.
N pollution caused by agricultural fertilizers can be con-
trolled by reducing the amount of fertilizer applied, but pol-
lution caused by soil and water erosion in hilly areas can
only be controlled by conservation forests. The catchment
area around Fushi Reservoir was selected as a test site and
mechanisms of N loss from a vertical spatial perspective
through field observations were determined. The main N
losses occurred from June to September, accounting for
85.9-95.9% of the annual loss, with the losses in June and
July accounting for 46.0% of the total, and in August and
September for 41.9%. The N leakage from the water source
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area was effectively reduced by 38.2% through the optimi-
zation of the stand structure of the conservation forests.
Establishing well-structured forests for water conservation
is crucial to ensure the security of drinking water. This pre-
liminary research lays the foundation for revealing then loss
mechanisms in water source areas and improving the control
of non-point source pollution in these areas.
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Introduction

With the population growth and the modernization of agri-
cultural practices, human activities are having an increas-
ing effect on aqueous environments (Hobbie et al. 2017;
Tasdighi et al. 2017). For instance, the impact of agricul-
tural production in the USA during the 1960s and 1970s led
to a deterioration of the water quality in the Great Lakes,
where the proliferation of cyanobacteria seriously affected
the survival of fish and other aquatic organisms. Lake Erie,
one of these lakes, is now referred to as a “dead sea” in
North America (Rudra et al. 2020). A similar situation is
also found in China, where roughly 60% of lakes have vary-
ing degrees of pollution, 50% of which is caused by non-
point source pollution (NPSP) (Zhang et al. 2018). Nitrogen
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(N) pollution contributes 81% of water pollution in China
(Ongley et al. 2010; Yang et al. 2011). High levels of N in
a water body can lead to eutrophication (Shen et al. 2014),
and this in turn triggers the proliferation of harmful and
toxic algae, exhausts the oxygen content of the water body,
affects aquatic biodiversity, and damages the balance of the
surrounding ecosystem and the development of the social
economchecky (Zhang et al. 2018).

Nitrogen in drinking water can directly affect the health
of residents around the water body (Li et al. 2021), with
studies showing that a high intake of nitrates increases the
incidence of cancer, blood diseases and other illnesses (Kno-
beloch et al. 2000; Liu et al. 2014a). Currently, the World
Health Organization and many countries (including the USA
and China) require that the nitrate-N content of drinking
water should not exceed 10 mg L™! (Li et al. 2021; Wang
et al. 2022b). Thus, reducing the N content of water bodies,
especially in source areas for drinking water, is important in
the sustainable development of regional ecosystems and in
protecting the health of residents around the water source.

Taihu Lake Basin is located in the most economically
developed region in China and is also the most important
water source area. According to the China Statistical Year-
book 2020, the areas surrounding the basin (Jiangsu, Shang-
hai, and Zhejiang) account for 20.2% of China’s total gross
domestic product. NPSP in Taihu Lake Basin is a hinder-
ance to further economic and social progress in this area
and a threat to the health of residents (Li et al. 2017; Wang
etal. 2017; Xu et al. 2017). Lian et al. (2018) and Yan et al.
(2019) both found that a large amount of N enters Taihu
Lake every year, posing a threat to its aquatic ecosystems. In
view of this, controlling N pollution is the priority for water
resource management in Taihu Lake Basin.

Research on controlling losses of N have mainly focused
on managing losses from farmland, especially paddy fields
(Ding et al. 2020). Zhao et al. (2020) found that fertilization
in the Taihu Lake area was the main factor leading to local
N pollution in paddy fields. They also found that decreasing
the amount of fertilizer applied to paddy fields from 300 to
240 kg N ha™! could reduce the loss of total-N by 31.6%
while maintaining crop yields. Reducing the application of
fertilizer during agricultural production is therefore an effec-
tive approach to limiting N pollution.

Fushi Reservoir is located southwest of Taihu Lake Basin
and is the largest reservoir in northern Zhejiang province and
one of the most important drinking water sources in the dis-
trict (Wang et al. 2022a). To prevent agricultural non-point
source pollution, the local government currently prohibits
large-scale agricultural production around the reservoir (Sun
et al. 2020), and therefore fertilization is not a major con-
tributor to NPSP. However, the region is hilly, with abundant
rainfall between June and September, making it prone to soil
erosion during this period. N and phosphorus (P) in the soil
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are transported into the reservoir by surface runoff, leading
to eutrophication.

Our research group has carried out a series of studies on
the prevention and control of NPSP in this area for more
than 10 years (Sun et al. 2020; Wang et al. 2022a), and
the results have demonstrated that the loss of N through
soil erosion is the main risk to local water bodies and the
loss of total-N from bamboo stands in the catchment area
exceeds the drinking water threshold. The form of nitro-
gen lost is dominated by nitrate-N, which shows there is a
specific problem with N pollution that needs to be resolved
urgently. However, the mechanism of N loss is still unclear.
Are the characteristics consistent over time? Does it differ
vertically (from rainfall to throughfall and surface runoff)?
What factors influence N loss? These questions are worthy
of in-depth study.

Accordingly, a systematic study on the mechanism of
N loss was carried out. An area covered by moso bamboo
stands was selected as the test plots and in situ field observa-
tions were used to explore N loss from both temporal and
spatial perspectives. We hypothesized that: (1) N loss would
differ over time because of atmospheric variations in differ-
ent seasons; (2) N loss would show different characteristics
in vertical spatial terms as a result of the different influences
of various bamboo stand structures and surface vegetation
cover; and, (3) N loss may be effectively reduced by optimiz-
ing the stand structure in water source areas. The overarch-
ing aim of this study was to clarify the mechanisms of N
loss and provide a scientific basis for the treatment of NPSP.

Materials and methods
Description of test area

Fushi Reservoir is the largest reservoir in Anji County
(119°14'-119°53" E, 30°23'-30°53’ N), with a storage
capacity of 217 x10° m® and a depth of 28 m. When its
flood waters are discharged, the reservoir is connected to
the Xitiaoxi River through a canal and eventually flows into
Taihu Lake. Fushi Reservoir is one of the most important
water sources in the Taihu Lake watershed.

The terrain of Anji County is steep in the southwest
and low in the northeast. It has a mild subtropical mari-
time monsoon climate with abundant sunlight and rainfall,
four distinct seasons and an average annual temperatures of
12.2-15.6 °C. The main forest type in the area is evergreen
broadleaved forest. There are three main soil types: cambi-
sols, anthrosols (hydragric) and leptosols (lithic). The aver-
age annual rainfall is 1450 mm, mostly concentrated in the
June—September rainy season (Wang et al. 2022a).

Since the reform of the economic system in China in
the 1980s, local residents have planted moso bamboo
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(Phyllostachys edulis) as an important commercial species,
plantations of which formed the main vegetation cover in
our test plots. Three runoff plots with different bamboo
stand structure were established in the catchment area of
the reservoir (Fig. S1). The plots were the T1 runoff plot,
consisting of pure P. edulis (local species) as the control
without interplanting; the T2 runoff plot of P. edulis with
interplanted Taxus chinensis (Rehd. & Wilson) Rehd. and
Hllicium lanceolatum L. (introduced species) at a row spac-
ing of 4 m X3 m; and the T3 runoff plot of P. edulis with
interplanted Amorpha fruticosa L. (local species) in a strip
pattern at a row spacing of 3—4 m. P. edulis and I. lan-
ceolatum are evergreen species; A. fruticosa is deciduous.

Each runoff plot was 5 m wide and 20 m long (100 m?).
Runoff buckets were set up inside the runoff plots to col-
lect the throughfall and a runoff pond was set at the bottom
of each to collect surface runoff generated by rainfall. In
addition, a runoff bucket was set up in the surrounding
open space to collect atmospheric rainfall (Fig. S1). The
basic conditions of the runoff plots are shown in Table S1.

In recent years, due to a decline in the value of bamboo,
the local residents have adopted an extensive management
model to control costs and no longer fertilize the bamboo
plantations.

Sample collection

After rain falls on forested areas, it first interacts with the
forest canopy. Part is intercepted by the canopy and part
passes through the canopy to create rainfall inside the
forest called throughfall (Wang et al. 2022a). Thus, the
vertical variation of precipitation in forests, from high to
low, is composed of atmospheric rainfall, throughfall, and
surface runoff (Fig. S2). To probe the vertical variation
of N runoff in bamboo stands, different types of rainfall
and runoff were measured, including atmospheric rainfall;
rainfall at the crown measured at the top of the bamboo
stand; throughfall measured at a bamboo-stand height of
approximately 30—40 cm; and surface runoff measured at
ground level.

The sampling period was from July 2020 to July 2021.
Eight effective rainfall events (in which runoftf was pro-
duced) were observed and samples collected (Table S2).
The main aim of our study was to observe rainfall events
that produced surface runoff which, in turn, affected water
bodies. Not all rainfall events produce surface runoff as this
depends on soil water content, the volume of rainfall and
other factors. After each rainfall event, a 250-mL polyethyl-
ene bottle was used to collect surface runoff and throughfall
in the three runoff plots. Water samples were also taken from
the atmospheric rainfall in the runoff buckets in the sur-
rounding open space. Each sample was taken in triplicate.

Water sample analysis

Total-N, dissolved-N, particulate-N, nitrate-N, and ammo-
nia-N as the main indicators were measured to determine N
migration in runoff. Dissolved-N is easily soluble in water
and migrates with surface runoff. However, the main form
of N loss has been reported to be nitrate-N, followed by
ammonia-N (White et al. 2018). An incubator and ice bag
were used to keep the water samples at low temperatures
during the sampling process.

Total-N in the water samples was determined by potas-
sium persulfate oxidation and ultraviolet spectrophotometry
(Wang et al. 2020). For the determination of dissolved-N,
the water samples were filtered through a 45-pm filter mem-
brane and measured by potassium persulfate oxidation and
ultraviolet spectrophotometry (Tang et al. 2018; Wang et al.
2020). The concentration of particulate-N was evaluated by
subtraction (total-N minus dissolved-N) (Uusitalo et al.
2001). Ammonia-N was calculated by the indophenol blue
spectrophotometric method (Lu 1999) and nitrate-N by ultra-
violet spectrophotometry (Lu 1999).

Data analysis

Data analysis was performed using Excel 2016 (Microsoft
USA 2015), SPSS 19.0 (IBM Armonk USA 2010) and the
R Programming Language 3.6.2. Excel 2016 plotted the
changes in N concentration over time. SPSS 19.0 performed
least significance difference and Duncan significance anal-
ysis on the N concentrations among atmospheric rainfall,
throughfall and surface runoff. Pearson correlation analy-
ses between the atmospheric rainfall N concentration and
throughfall N concentration, as well as the soil N content
and surface runoff N concentration, were performed using
R 3.6.2.

Results
Characteristics of nitrogen loss over time
Changes in N concentrations in throughfall

The trends of variation in the throughfall total-N concentra-
tion over time were basically the same for the three different
stand structures (Fig. 1a). Concentrations of total-N in the
three stands peaked on 21 April 2021, and concentrations
of total-N in plots T1, T2 and T3 were 5.4, 4.0 and 4.3 mg
L~!, respectively. The total-N concentrations in the through-
fall then gradually decreased and remained relatively stable
during rainfall events from 21 June to 30 August 2021 and
was generally < 1.50 mg L™'. However, it showed a second
peak during a rainfall event on 7 September 2021, with
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Fig. 1 Changes in the total-N concentration in a throughfall and b
surface runoff over time in the three experimental plots

concentrations of 2.8, 2.5 and 3.6 mg L™! in plots T1, T2
and T3, respectively.

Changes in N concentrations in surface runoff

There were differences in total-N levels in the surface run-
off from the three plots, but the overall trend over time was

Table 1 Nitrogen loss in surface runoff from plot T2

consistent (Fig. 1b). From April to early June and on 7
September 2021, total-N concentrations in surface runoff
were relatively high. The highest concentration in surface
runoff (9.5 mg L™!) occurred in plot T3 on 15 June 2021,
followed by plot T2 (8.8 mg L™!) 21 April 2021. Total-N
levels in surface runoff were relatively low in March 2021
and from late June to September 2021. During this period,
it was<2.0 mg L™\,

Changes in N loss in surface runoff

It is important to determine the N loss in surface runoff.
Plot T2 was explored the distribution of N loss during 2021
(Table 1) and it was found that it was highest during the
rainy season (June—September). Within this period, the
loss of total-N, dissolved-N, particulate-N, nitrate-N, and
ammonia-N accounted for 87.9%, 88.4%, 85.9%, 87.3%,
and 95.9%, of the annual loss, respectively. Losses of total-
N, dissolved-N and nitrate-N were mainly concentrated in
June and July, accounting for 46.0%, 50.6% and 57.8%, of
the total losses, respectively. Particulate-N and ammonia-N
losses were mainly in August—September, accounting for
56.9% and 71.6%, respectively, of the total losses.

Vertical variation in N loss

There were also differences in N loss vertically. Total-N,
dissolved-N and nitrate-N increased significantly from
atmospheric rainfall to throughfall and then to surface runoff
(P<0.05). The total-N concentrations in atmospheric rain-
fall, throughfall and surface runoff were 1.5, 1.8, and 2.7 mg
L™, respectively, representing an increase of 79.5% from the
highest to lowest position (Fig. S3). Growth is greatest from
March to October, when the structure of the bamboo crown
is complete with both branches and leaves. This allows the
bamboo to intercept the maximum amount of rainfall, and

Sample No. Runoff volume Total-N loss (mg ha™!) Dissolved-N loss  Particulate-N loss  Nitrate-N loss Ammonia-N
L) (mg ha™") (mg ha™") (mg ha™") loss (mg ha™")
210,323 50 16,227.36 12,456.67 3770.69 14,077.24 1079.79
210,421 10 8828.98 7890.91 938.07 7625.29 168.84
210,527 130 40,398.49 28,717.49 11,681.00 23,382.68 2763.21
210,615 130 60,311.33 52,199.40 8111.93 50,530.81 1510.92
210,621 470 40,968.33 33,451.72 7516.61 35,365.27 5610.18
210,706 390 64,739.20 55,716.93 9022.27 37,227.74 16,191.32
210,729 620 81,860.66 72,656.37 9204.29 81,406.48 454.43
210,817 460 146,640.71 88,287.05 58,353.66 36,893.17 69,550.36
210,830 35 12,799.56 11,522.66 1276.90 11,335.53 86.12
210,907 40 21,008.43 20,388.13 620.30 19,462.93 48.17
210,920 220 45,522.84 39,416.67 6106.17 36,352.61 287.94
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therefore, total-N levels in rainfall are reduced. Vegetation,
therefore, has an important role in reducing runoff and nitro-
gen loss.

The dissolved-N levels in atmospheric rainfall, through-
fall and surface runoff were 1.1, 1.3 and 2.2 mg L, respec-
tively. The concentrations therefore, increased by 100.9%
from the highest to lowest position. Nitrate-N concentrations
in atmospheric rainfall, throughfall and surface runoff were
0.7, 1.1 and 2.0 mg L™, respectively.

Although particulate-N concentrations increased from
high to low vertically, there was no significant difference
between each position (P> 0.05), with concentrations
of 0.4 mg L~! particulate-N in rainfall and 0.5 mg L~ in
throughfall and surface runoff. There was also no significant
difference in the ammonia-N concentrations among the dif-
ferent vertical positions (P >0.05).

Analysis of the different forms of nitrogen in different
vertical spaces (Fig. 2) showed that, moving from high to
low, the proportion of nitrate-N increased from 46.2% in
rainfall to 72.3% in surface runoff. In contrast, the propor-
tion of ammonia-N gradually decreased from 17.4 to 9.4%,
respectively. An analyzes of the solubility of nitrogen vari-
ations in vertical space showed that it was mainly present as
dissolved-N (Fig. 2). Among the different levels, the largest
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Fig. 2 Loss of N in different vertical spaces. The different letters rep-
resent significant differences. DN, dissolved-N; PN, particulate-N;
NN, nitrate-N; AN, ammonia-N; TN, total-N

proportion of dissolved-N was in surface runoff, accounting
for 82.1% of the total, followed by rainfall at 73.7%.

Five rainfall events without runoff overflow were selected
(sample numbers 200801, 210,323, 210,421, 210,830 and
210,907) to further explore the amount of nitrogen loss in
the three plots (Table 2). Results show that the average N
loss in a single rainfall event was largest from plot T1 (pure
moso bamboo stand) and lower from plots T2 (P. edulis with
interplanted 7. chinensis and I. lanceolatum) and T3 (P. edu-
lis with interplanted A. fruticosa), with the lowest from the
former. Specifically, the losses of total-N, particulate-N,
nitrate-N, and ammonia-N in T2 were 38.2%, 87.7%, 24.0%
and 89.4% lower, respectively, compared with plot T1. This
suggests that nitrogen losses can be effectively reduced by
optimizing the stand structure of conservation forests. The
loss of N from each plot was mainly in the form of nitrate-N,
accounting for 64.6-92.8% of the total loss.

Impact of rainfall on N loss in vertical space

Figure 3 shows that the concentrations of total-N, dissolved-
N, and nitrate-N in throughfall were positively correlated
with the concentrations in rainfall (P <0.01 or P<0.001).
Likewise, concentrations of total-N and dissolved-N in
surface runoff were positively correlated with the concen-
trations in rainfall (P <0.05) and with the nitrate-N con-
centration in rainfall (P <0.01 or P <0.001). Specifically,
the nitrate-N concentration in surface runoff was positively
correlated with total-N in rainfall (P <0.05), and with the
dissolved-N and nitrate-N levels in rainfall (P <0.01).

The correlation between N loss in surface runoff and rain-
fall was assessed and showed that rainfall intensity was an
important factor affecting N loss in surface runoff (Table 3).
The average rainfall intensity was positively correlated with
the loss of total-N, dissolved-N, particulate-N, and nitrate-N
in plot T3 (P <0.05), with correlation coefficients of 0.966,
0.953, 0.980 and 0.967, respectively. Although there was no
significant correlation between maximum rainfall intensity
and nitrogen loss from plot T2, the correlation coefficient
was large. The correlation coefficients for the loss of total-
N, dissolved-N particulate-N, nitrate-N, and ammonia-N for
plot T2 during the maximum rainfall intensity were 0.873,
0.867, 0.869, 0.871, and 0.824, respectively.

Table 2 Nitrogen loss from

g Plot No. Total-N loss Dissolved-N loss  Particulate-N loss  Nitrate-N loss Ammonia-
surface runoff in plots T1-T3 (mg ha™") (mg ha™") (mg ha™") (mg ha™) N loss (mg
ha™!)
T1 25,853.09 12,465.34 13,387.75 19,537.92 3326.40
T2 15,986.69 14,336.05 1650.64 14,838.15 351.34
T3 23,703.32 18,371.28 5332.04 15,305.70 1644.95
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Fig. 3 Influence of atmospheric rainfall on N concentrations. AR,
accumulated rainfall; RD, rainfall duration; ARI, average rainfall
intensity; MRI, maximum accumulated rainfall per unit time; TNAR,
total-N in atmospheric rainfall; DNAR, dissolved-N in atmospheric
rainfall; PNAR, particulate-N in atmospheric rainfall; NNAR, nitrate-
N in atmospheric rainfall; ANAR, ammonia-N in atmospheric rain-
fall; TFTN, throughfall total-N concentration; TFDN, throughfall
dissolved-N concentration; TFPN, throughfall particulate-N concen-
tration; TFNN, throughfall nitrate-N concentration; TFAN, through-
fall ammonia-N concentration; SRTN, surface runoff total-N con-
centration; SRDN, surface runoff dissolved-N concentration; SRPN,
surface runoff particulate-N concentration; SRNN, surface runoff
nitrate-N concentration; SRAN, surface runoff ammonia-N concen-
tration; *, correlation significantly different at the 0.05 level; **, cor-
relation significantly different at the 0.01 level; ***, correlation sig-
nificantly different at the 0.01 level

In addition to rainfall intensity, accumulated rainfall and
duration also influence the loss of nitrogen. There was a pos-
itive correlation between accumulated rainfall and surface
runoff for the loss of particulate-N from plot T3 (P <0.05),
with a correlation coefficient of 0.984. Rainfall duration was
positively correlated with the loss of ammonia-N from plot
T1 (P<0.01) and plot T3 (P <0.05), with correlation coef-
ficients of 0.998 and 0.962, respectively.

Discussion
Temporal variations in nitrogen loss

The results show that N concentrations in surface runoff
were relatively high from April to early June but lower from
late June to September. Soil moisture is an important factor
affecting the loss of soil N (Ouyang et al. 2017): the higher
the soil moisture, the easier to produce runoff during low-
intensity rainfall events (Liu et al. 2014b). Rainfall is an
important factor affecting the soil moisture. The test area
was in the Taihu Lake Basin of the Yangtze River Delta
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Table 3 Correlation between rainfall factors and N loss in surface runoff

T1DN T1PN TINN T1AN T2TN T2DN T2PN T2NN T2AN T3TN T3DN T3PN T3NN T3AN

T1TN

0.878 0.853 0.984* 0.881 0.021
—0.688 —0.391 —-0.656

-0.297 -0.239 -0.259 —-0.118 -0.251 -0.194
—0.661

0.828
0.304
0.580

0.377 0.938

0.726

0.604
0.540
0.294
0.502

AR

0.962
-0.325

0.430
—-0.387

0.145
-0.341

0.380
—0.307

0.142
—0.346

0.179
—0.343

0.998%*%*
—-0.601
—0.099

0.096

RD
ARI
MRI

0.967*
0.360

0.953* 0.980*
0.148

0.380

0.966*
0.358

0.758

0.034

0.061

0.867 0.869 0.871 0.824

0.873

0.398

0.302

0.467

AR accumulLated rainfall, RD Rainfall duration, ARI Average rainfall intensity, MRI Maximum accumulated rainfall per unit time, 7/TN Surface runoff total-N loss in plot T1, T/DN Surface

runoff dissolved-N loss in plot T1, 77PN Surface runoff particulate-N loss in plot T1, T/NN Surface runoff nitrate-N loss in plot T1, T/AN Surface runoff ammonia-N loss in plot T1, 727N Sur-

face runoff total-N loss in plot T2, T2DN Surface runoff dissolved-N loss in plot T2, 72PN Surface runoff particulate-N loss in plot T2, T2NN Surface runoff nitrate-N loss in plot T2, T2AN Sur-

face runoff ammonia-N loss in plot T2, T3TN Surface runoff total-N loss in plot T3, T3DN Surface runoff dissolved-N loss in plot T3, 73PN Surface runoff particulate-N loss in plot T3, T3NN

Surface runoff nitrate-N loss in plot T3, T3AN Surface runoff ammonia-N loss in plot T3

*Correlation significantly different at the 0.05 level, **Correlation significantly different at the 0.01 level
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where the rainy season is from June to September. There
is more rainfall in this period than at other times as a result
of typhoons and other factors, so soil moisture is relatively
high. More surface runoff is therefore generated (Table 1),
which dilutes nitrogen concentrations in surface runoff. The
maximum volume of surface runoff was recorded during the
rainfall event of 29 July 2021, followed by those on 21 June
and 17 August 2021 in the rainy season, which had the low-
est N concentrations (Fig. 1).

An increase in vegetation cover is an effective measure
to reduce nitrogen loss (Garcia-Diaz et al. 2017). The moso
bamboo growth is vigorous during the July to September
rainy season (Tong et al. 2020). In this period, branches and
leaves of moso bamboo reach their maximum growth and
vegetation cover can reach 0.68—0.75. However, our field
observations showed that bamboo cover was only 0.50-0.55
in the non-rainy season. Vegetation, therefore, has a pro-
tective effect on the surface soils of water source forests
during the rainy season, reducing nitrogen losses (Zhang
et al. 2020). Research by Suesctn et al. (2017) and Zhao
et al. (2019) also showed that an increase in vegetation can
prevent the loss of nitrogen.

The results clearly show that N losses can be effectively
reduced through the optimization of stand structure. For
plots T2 and T3, stand structure was modified and vegeta-
tion cover increased. Plot T2 had the highest vegetation
cover (Table S1), and therefore the lowest nitrogen losses
(Table 2). Losses of total-N, particulate-N, nitrate-N, and
ammonia-N from plot T2 decreased by 38.2, 87.7, 24.0,
and 89.4%, respectively, compared with plot T1 (with-
out optimization). This may have been due to the varied
stand structure. Plot T2 was intercropped with 1. lanceola-
tum with an average height of 3.5-4.0 m and wide crowns
(2.5-3.5 m), whereas the height of A. fruticosa in plot T3
was only 0.5-1.5 m with crowns of 0.8—1.5 m. I. lanceola-
tum therefore captured rainfall over a larger area and reduce
throughfall in plot T2, further reducing surface runoff (Dietz
et al. 2006; Liu and Zhao 2020), resulting in a reduction in
the migration of nitrogen in surface runoff (Table 3). Plot
T2 had the lowest surface runoff (Table 2), which verified
this conjecture.

Similar results have been reported by Chu et al. (2019),
who modified the stand structure by planting local tree spe-
cies in a eucalyptus plantation in Dongguan, China. After
three years (2010-2012), the total-N loss in plots TEP
(planted with native hardwood species and the eucalyptus
thinned by 60%) and NEP (planted with local hardwood
species but no thinning of the eucalyptus) was reduced by
42-60% and 25-28%, respectively, compared with pure
eucalyptus plantations. This may be due to the change of
soil nitrogen cycle through the optimization of stand struc-
ture (Asadiyan et al. 2013; Sharma and Kumar 2021), thus,
reducing nitrogen loss.

Nitrogen from our plots (total-N, dissolved-N, particu-
late-N, nitrate-N and ammonia-N) was mainly lost during
the June—September rainy season (85.9-95.9%), similar to
other studies. Song et al. (2017) in southwest China found
that 90% of the local nitrogen loss was concentrated in the
rainy season. Wang et al. (2019) also confirmed that the
rainy season was a high-risk period for N loss in the Yingtan
area. These results confirm that, although N concentrations
in surface runoff are relatively low in the rainy season, the
annual loss in surface runoff is mainly composed of that
which occurs in this season.

The study area is affected by typhoons, and the rainy
season therefore has a higher rainfall intensity and greater
volume (Table 1) than in other regions. Soil erosion is
more likely to occur, resulting in the loss of soil nitrogen.
Although the N concentration in surface runoff was diluted
as a result of the large volume of surface runoff, nitrogen
loss over this period was still large. Simulation experi-
ments by Xing et al. (2016) showed that, as rainfall inten-
sity increased from 25 to 75 mm h™! at a site with a slope
of 15°, the rate of loss of total-N increased from 0.126 to
0.342 mg m~ min~'. The loss of total-N increased signifi-
cantly (P <0.05) as rainfall intensity increased. Zheng et al.
(2021) conducted a K-means clustering analysis of 253 rain-
fall events from 2012 to 2018 in De’an County, China and
found that intense rainfall was an important factor in local
soil erosion, whereas long-duration rainfall had less effect.
They also reported that rainfall intensity had a greater effect
on soil nitrogen loss than rainfall duration. These studies
concur with our results—i.e., rainfall intensity and volume
were the main factors affecting nitrogen loss.

Vertical changes in nitrogen loss

The results show that N loss was primarily dissolved-N and
nitrate-N in all three vertical spaces, i.e., from rainfall to
throughfall to surface runoff, accounting for 72.4-82.1%
and 46.2-72.3%, respectively. Accordingly, the proportion
of nitrate-N increased gradually on moving from high to
low positions vertically. This may be because soil colloids
are generally negatively charged and produce more anions
(VandeVoort et al. 2013; Bennett et al. 2019). Because the
nitrate in nitrate-N is an anion, the repulsion between the
two species (soil colloids and nitrate-N) causes the nitrate-
N in the soil to be readily soluble in water, as confirmed
by Latifah et al. (2017) and Rajta et al. (2020). When rain
washes the leaves and surface soil, nitrate-N in the soil dis-
solves in the water, increasing the proportion of nitrate-N.
White et al. (2018) in Australia and Wang et al. (2022b)
in the Three Gorges area of China found that the loss of
nitrogen in surface runoff was dominated by nitrate-N. An
11-year observational study from 2008 to 2018 by Du et al.
(2021) in the purple lands area of southwest China showed
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that dissolved-N loss accounted for 58.0-70.34% of the
total-N loss in runoff, consistent with our findings.

This study has clarified that the concentrations of total-
N, dissolved-N, and nitrate-N increased significantly from
atmospheric rainfall to throughfall, to surface runoff. In
this respect, the increase in the nitrogen concentration in
throughfall may have been caused by rainfall scouring and
leaching the leaves of plants. Su et al. (2019) showed that the
nitrate content in throughfall increased compared with that
in atmospheric rainfall. Bessaad and Korboulewsky (2020)
showed that leaching by rainfall may lead to the loss of nitro-
gen from leaves. This is similar to the results of this study.

The results also show that the concentration of N in
atmospheric rainfall was positively correlated with N in
throughfall (Fig. 3). However, nitrogen in surface runoff was
less affected by the N in atmospheric rainfall than by the
concentration in throughfall. Because surface runoff inter-
acts directly with the soil, it was concluded that nitrogen
concentrations in surface runoff was affected by soil N lev-
els and that surface runoff from rainfall caused soil erosion
which in turn, caused the loss of soil N.

A correlation analysis of the soil N content and surface
runoff N concentration indicated that there was a signifi-
cant positive correlation between the total-N content of soil
and the total-N, dissolved-N, and nitrate-N concentrations
in surface runoff (P <0.01), with correlation coefficients of
0.881, 0.855 and 0.875, respectively (Table 4).The avail-
able N in soil and the total-N, dissolved-N and nitrate-N
concentrations in surface runoff were positively correlated
(P<0.01), with correlation coefficients of 0.895, 0.873 and
0.893, respectively. Surface runoff removes N from the soil
because it continuously washes the ground surface. Shen
et al. (2010) found that surface runoff in plantations was
affected by the chemical properties of the soil. Geng and
Sharpley (2019) showed that concentrations of N and P in
surface runoff were affected by soil properties. These studies
reflect our conclusion that nitrogen concentration in surface
runoff is affected by soil N levels and that soil and water
erosion are important factors causing its loss. Plot T2 had
the highest soil nitrogen (Table S1) and N levels in surface

runoff were higher than from the other two plots (Fig. 1).
This may be due to good management of the bamboo forest
in plot T2, which includes maintaining a specific bamboo
density by felling stems >4 years old. Intercropping with
L. lanceolatum gave the T2 plots a better stand structure.
It is unlawful to dig up bamboo shoots and other measures
that disturb the soil surface, thus protecting surface vegeta-
tion. A lower surface runoff volume resulted in the least
amount of N loss from plot T2 (Table 2). This suggests that
soil nutrient contents could be increased, and soil quality
improved by optimizing the stand structure and establish-
ing well-structured water source conservation forests. This
would also reduce the risk of water pollution by nitrogen in
the watershed (Fig. 4).

The mechanism of N loss driven by soil and water erosion
in water source areas was established through in situ obser-
vations based on analyses in the two dimensions of time and
space (Fig. 5). From the temporal perspective, the highest N
loss (85.9-95.9%) was mainly concentrated in the June—Sep-
tember rainy season, followed by March-May (12.1%). From
the spatial perspective (in the vertical direction), N loss
gradually increased from atmospheric rainfall (1.5 mg L")
to throughfall and to surface runoff (2.7 mg L™!). High-
intensity rainfall was the main driving force of soil erosion
in water source areas.

Conclusions

Based on our findings, the A. angustifolia population struc-
ture differed significantly between protected and unprotected
areas. The population structure influenced aboveground bio-
mass and species diversity which were conditioned by pro-
tection status. The old-growth populations supported over-
stocked stands but with lower species diversity. However,
lower biomass stock in old-growth populations was also
affected by the human disturbance in unprotected forests.
The results also highlight the importance of protected areas
and sustainable forest management techniques to ensure
population renewal and maintenance. Finally, our results

Table 4 Effects of soil N SC STN SAN STP SAP SpH

content on N loss in surface

runoff SRTN 0.891%#* 0.881%* 0.895%* 0.737* 0.790%* —0.545
SRDN 0.866%** 0.855%* 0.873%* 0.714% 0.820%*: —0.584
SRPN 0.588 0.580 0.574 0.592 0.165 —0.006
SRNN 0.879%*:* 0.875%* 0.8937%* 0.711* 0.878%#: —0.579
SRAN 0.200 0.196 0.208 0.313 —0.089 0.341

SC Soil carbon, STN Soil total-N content, SAN Soil available N content, STP Soil total P content, SAP
Soil available P content, SpH Soil pH, SRTN Surface runoff total-N concentration, SRDN Surface runoff
dissolved-N concentration, SRPN Surface runoff particulate-N concentration, SRNN surface runoff nitrate-
N concentration, SRAN Surface runoff ammonia-N concentration

*Correlation significantly different at the 0.05 level, **Correlation significantly different at the 0.01 level
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Illicium lanceolatum has a
high height and a large
crown spread, so it has the
best effect on throughfall
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Fig. 5 Mechanisms for the loss of N in water source areas. The size of the circle represents the amount of N loss. TN, total-N

indicate that diameter distribution can be a useful guide for
sustainable management and for effective protection at the
species level.

(1) Rainfall intensity and rainfall volume were the key fac-
tors affecting nitrogen loss which was mainly in the
June—September rainy season, which accounted for
85.9-95.9% of the annual loss.

(2) From high to low vertical levels (i.e., from atmospheric
rainfall to throughfall and surface runoff), nitrogen con-
centrations (total-N, dissolved-N, and nitrate-N) gradu-
ally increased from 1.5 mg L™ in atmospheric rainfall

3

to 2.7 mg L™ in surface runoff. The main forms of loss
were nitrate-N and dissolved-N.

Optimizing the stand structure of water conservation
forests is an effective measure to reduce nitrogen loss in
water source areas. For T2, species such as T. chinensis
and I. lanceolatum were interplanted and herbaceous
plants grew well. Thus, the vertical structure of the
stand changed from a mono- to a poly-structure. Tree
species with wide crowns captured more throughfall,
reducing surface runoff and the migration of nitrogen
in this runoff and reduced the total-N loss by 38.2%
compared with the pure bamboo stand (T1).

@ Springer



1994

R. Wang et al.

Based on these results, the mechanism of nitrogen loss
driven by soil and erosion water is: (1) high-intensity rain-
fall is the main driving force; (2) nitrogen loss is mainly
concentrated in the rainy season (June—September), fol-
lowed by March—May and October—December, with the
lowest loss between January and February; and, (3) the
intensity of nitrogen loss increases from high to low ver-
tical positions. A proper stand structure can affect the
amount of throughfall, reducing the volume of surface run-
off and N losses. This preliminary study provides insights
into the mechanism of nitrogen loss in water source areas
and contributes to knowledge on reducing losses from
forests, thereby helping to ensure the quality of drinking
water and the health of residents is maintained.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Asadiyan M, Hojjati SM, Pourmajidian MR, Fallah A (2013)
Impact of land-use management on nitrogen transformation in
a mountain forest ecosystem in the north of Iran. J Forestry
Res 24:115-119

Bennett JM, Marchuk A, Marchuk S, Raine SR (2019) Towards pre-
dicting the soil-specific threshold electrolyte concentration of
soil as a reduction in saturated hydraulic conductivity: the role
of clay net negative charge. Geoderma 337:122-131

Bessaad A, Korboulewsky N (2020) How much does leaf leaching
matter during the pre-drying period in a whole-tree harvesting
system? Forest Ecol Manag 477:118492

Chu SS, Ouyang JH, Liao DD, Zhou YD, Liu SS, Shen DC, Wei
XH, Zeng SC (2019) Effects of enriched planting of native tree
species on surface water flow, sediment, and nutrient losses
in a Eucalyptus plantation forest in Southern China. Sci Total
Environ 675:224-234

Dietz J, Holscher D, Leuschner C, Hendrayanto (2006) Rainfall par-
titioning in relation to forest structure in differently managed
montane forest stands in Central Sulawesi. Indonesia for Ecol
Manag 237(1-3):170-178

Ding WC, Xu XP, He P, Zhang JJ, Cui ZL, Zhou W (2020) Estimating
regional N application rates for rice in China based on target yield,
indigenous N supply, and N loss. Environ Pollut 263:114408

Du YN, Li TY, He BH (2021) Runoff-related nutrient loss affected
by fertilization and cultivation in sloping croplands: An
11-year observation under natural rainfall. Agr Ecosys Environ
319:107549

Garcia-Diaz A, Bienes R, Sastre B, Novara A, Gristina L, Cerda A
(2017) Nitrogen losses in vineyards under different types of soil

@ Springer

groundcover. a field runoff simulator approach in Central Spain.
Agr Ecosys Environ 236:256-267

Geng RZ, Sharpley AN (2019) A novel spatial optimization model
for achieve the trad-offs placement of best management prac-
tices for agricultural non-point source pollution control at multi-
spatial scales. J Clean Prod 234:1023-1032

Hobbie SE, Finlay JC, Janke BD, Nidzgorski DA, Millet DB, Baker
LA (2017) Contrasting nitrogen and phosphorus budgets in
urban watersheds and implications for managing urban water
pollution. P Natl Acad Sci USA 114(16):4177-4182

Knobeloch L, Salna B, Hogan A, Postle J, Anderson H (2000) Blue
babies and nitrate-contaminated well water. Environ Health
Persp 108(7):675-678

Latifah O, Ahmed OH, Majid NMA (2017) Enhancing nitrogen
availability from urea using clinoptilolite zeolite. Geoderma
306:152-159

Li SM, Wang XL, Qiao B, LiJS, Tu JM (2017) First flush charac-
teristics of rainfall runoff from a paddy field in the Taihu Lake
watershed. China Environ Sci Polluti R 24(9):8336-8351

Li DF, Zhai YZ, Lei Y, Li J, Teng YG, Lu H, Xia XL, Yue WF,
Yang J (2021) Spatiotemporal evolution of groundwater nitrate
nitrogen levels and potential human health risks in the Songnen
Plain. Northeast China Ecotox Environ Safe 208:111524

Lian HS, Lei QL, Zhang XY, Haw Y, Wang HY, Zhai LM, Liu
HB, Jr-Chuan H, Ren TZ, Zhou JG, Qiu WW (2018) Effects
of anthropogenic activities on long-term changes of nitrogen
budget in a plain river network region: a case study in the Taihu
Basin. Sci Total Environ 645:1212-1220

Liu Y, Zhao L (2020) Effect of plant morphological traits on through-
fall, soil moisture, and runoff. Water 12(6):1731

Liu RW, Wang JW, Shi JH, Chen YX, Sun CC, Zhang PP, Shen
ZY (2014b) Runoff characteristics and nutrient loss mechanism
from plain farmland under simulated rainfall conditions. Sci
Total Environ 468-469:1069-1077

Liu CW, Sung Y, Chen BC, Lai HY (2014a) Effects of nitrogen
fertilizers on the growth and nitrate content of lettuce (Lactuca
sativa L.). Int ] Env Res Pub He 11(4):4427-4440

Lu RK (1999) Soil agro-chemical analysis methods. China Agro-
science Press, Beijing ((in Chinese))

Ongley ED, Zhang XL, Yu T (2010) Current status of agricultural
and rural non-point source pollution assessment in China. Envi-
ron Pollut 158:1159-1168

Ouyang W, Xu XT, Hao ZC, Gao X (2017) Effects of soil moisture
content on upland nitrogen loss. J Hydrol 546:71-80

Rajta A, Bhatia R, Setia H, Pathania P (2020) Role of heterotrophic
aerobic denitrifying bacteria in nitrate removal from wastewater.
J App Microbiol 128(5):1261-1278

Rudra RP, Mekonnen BA, Shukla R, Shrestha NK, Goel PK, Daggu-
pati P, Biswas A (2020) Currents status, challenges, and future
directions in identifying critical source areas for non-point
source pollution in Canadian conditions. Agriculture 10(10):468

Sharma N, Kumar S (2021) Effects of the type of forest alteration on
gross nitrogen mineralization in soils of southern India. J for
Res 32:1689-1697

Shen ZY, Hong Q, Yu H, Niu JF (2010) Parameter uncertainty analy-
sis of non-point source pollution from different land use types.
Sci Total Environ 408(8):1971-1978

Shen ZY, Qiu JL, Hong Q, Chen L (2014) Simulation of spatial and
temporal distributions of non-point source pollution load in the
Three Gorges Reservoir Region. Sci Total Environ 493:138-146

Song XW, Gao Y, Green SM, Dungait JAJ, Peng T, Quine TA, Xiong
BL, Wen XF, He NP (2017) Nitrogen loss from karst area in
China in recent 50 years: an in-situ simulated rainfall experi-
ment’s assessment. Ecol Evol 7(23):10131-10142


http://creativecommons.org/licenses/by/4.0/

Mechanism of nitrogen loss driven by soil and water erosion in water source areas 1995

Su L, Zhao CM, Xu WT, Xie ZQ (2019) Hydrochemical fluxes in
bulk precipitation, throughfall, and stemflow in a mixed ever-
green and deciduous broadleaved forest. Forests 10(6):507

Suescin D, Villegas JC, Leén JD, Flérez CP, Garcia-Leoz V, Correa-
Londofo GA (2017) Vegetation cover and rainfall seasonality
impact nutrient loss via runoff and erosion in the Colombian
Andes. Reg Environ Change 17(3):827-839

Sun SY, Zhang JF, Cai CJ, Cai ZY, Li XG, Wang RJ (2020) Coupling
of non-point source pollution and soil characteristics covered by
Phyllostachys edulis stands in hilly water source area. ] Environ
Manage 268:110657

Tang XQ, Wu M, Li R (2018) Distribution, sedimentation, and bio-
availability of particulate phosphorus in the mainstream of the
Three Gorges Reservoir. Water Res 140:44-55

Tasdighi A, Arabi M, Osmond DL (2017) The relationship between
land use and vulnerability to nitrogen and phosphorus pollution
in an urban watershed. J Environ Qual 46(1):113-122

Tong R, Zhou BZ, Cao YH, Ge XG, Jiang LN (2020) Metabolic pro-
files of moso bamboo in response to drought stress in a field inves-
tigation. Sci Total Environ 720:137722

Uusitalo R, Turtola E, Kauppila T, Lilja T (2001) Particulate phospho-
rus and sediment in surface runoff and drainflow from clayey soils.
J Environ Qual 30(2):589-595

VandeVoort AR, Livi KJ, Arai Y (2013) Reaction conditions control
soil colloid facilitated phosphorus release in agricultural Ultisols.
Geoderma 206:101-111

Wang 1J, Zhao QH, Pang Y, Hu KM (2017) Research on nutri-
ent pollution load in Lake Taihu, China. Environ Sci Polluti R
24:17829-17838

Wang YJ, Gao L, Peng XH (2019) Hydrologic separation and their
contributions to N loss in an agricultural catchment in hilly red
soil region. Sci China Earth Sci 62:1730-1743

Wang RJ, Gao P, Li C, Dong XD, Zhou R, Gao YM, Xu JW, Dun XJ
(2020) Characteristics of nitrogen and phosphorus loss in run-
off from Quercus acutissima Carr. and Robinia pseudoacacia L.
under simulated rainfall. Soil Sci Soc Am J §4:833-843

Wang RJ, Cai CJ, Zhang JF, Sun SY, Zhang HD (2022a) Study on
phosphorus loss and influencing factors in the water source area.
Int Soil Water Conse 10(2):324-334

Wang T, Xiao WF, Huang ZL, Zeng LX (2022b) Interflow pattern
govern nitrogen loss from tea orchard slopes in response to rain-
fall pattern in Three Gorges Reservoir Area. Agr Water Manage
269:107684

White SA, Santos IR, Hessey S (2018) Nitrate loads in sub-tropical
headwater streams driven by intensive horticulture. Environ Pol-
lut 243:1036-1046

Xing WM, Yang PL, Ren SM, Ao C, Li X, Gao WH (2016) Slope
length effects on processes of total nitrogen loss under simulated
rainfall. CATENA 139:73-81

Xu H, Paerl HW, Zhu G, Qin B, Hall NS, Zhu M (2017) Long-term
nutrient trends and harmful cyanobacterial bloom potential in
hypertrophic Lake Taihu. China Hydrobiol 787(1):229-242

Yan RH, Li LL, Gao JF (2019) Framework for quantifying rural NPS
pollution of a humid lowland catchment in Taihu Basin, Eastern
China. Sci Total Environ 688:983-993

Yang ST, Dong GT, Zheng DH, Xiao HL, Gao YF, Lang Y (2011)
Coupling Xinanjiang model and SWAT to simulate agricultural
non-point source pollution in Songtao watershed of Hainan. China
Ecol Model 222(20-22):3701-3717

Zhang BL, Cui BH, Zhang SM, Wu QY, Yao L (2018) Source appor-
tionment of nitrogen and phosphorus from non-point source
pollution in Nansi Lake Basin, China. Environ Sci Polluti R
25:19101-19113

Zhang WS, Li HP, Pueppke SG, Diao YQ, Nie XF, Geng JW, Chen DQ,
Pang JP (2020) Nutrient loss is sensitive to land cover changes
and slope gradients of agricultural hillsides: Evidence from four
contrasting pond systems in a hilly catchment. Agr Water Man-
age 237:106165

Zhao BQ, Zhang L, Xia ZY, Xu WN, Xia L, Liang YZ, Xia D (2019)
Effects of rainfall intensity and vegetation cover on erosion char-
acteristics of a soil containing rock fragments slope. Adv Civ Eng
2019:7043428

Zhao Z, Cao LK, Sha ZM, Deng J, Chu CB, Zhou DP, Wu SH, Lv WG
(2020) Impacts of fertilization optimization on N loss from paddy
fields: Observations and DNDC modeling case study in Shanghai.
China Soil till Res 199:104587

Zheng HJ, Nie XF, Liu Z, Mo MH, Song YJ (2021) Identifying optimal
ridge practices under different rainfall types on runoff and soil loss
from sloping farmland in a humid subtropical region of Southern
China. Agr Water Manage 255:107043

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Mechanism of nitrogen loss driven by soil and water erosion in water source areas
	Abstract 
	Introduction
	Materials and methods
	Description of test area
	Sample collection
	Water sample analysis
	Data analysis

	Results
	Characteristics of nitrogen loss over time
	Changes in N concentrations in throughfall
	Changes in N concentrations in surface runoff
	Changes in N loss in surface runoff

	Vertical variation in N loss
	Impact of rainfall on N loss in vertical space

	Discussion
	Temporal variations in nitrogen loss
	Vertical changes in nitrogen loss

	Conclusions
	Anchor 20
	References




