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ARTICLE INFO ABSTRACT

Editor: José Virgilio Cruz A comprehensive understanding of pollutant delivery processes during storm events is essential for developing strategies
to minimize adverse impacts on receiving water bodies. In this paper, hysteresis analysis and principal component analysis
Keywords: were coupled with identified nutrient dynamics to determine different pollutant export forms and transport pathways and
IS\:O@ ev(eint . analyze the impact of precipitation characteristics and hydrological conditions on pollutant transport processes through
Hu;i::;is };:im:lss continuous sampling between different storm events (4 events) and hydrological years (2018-wet, 2019-dry) in a semi-
Hg drological yzars arid mountainous reservoir watershed. Results showed pollutant dominant forms and primary transport pathways were

Semi-arid mountainous reservoir basin inconsistent between different storm events and hydrological years. Nitrogen (N) was mainly exported in the form of
nitrate-N(NO3-N). Particle phosphorous (PP) was the dominant P form in wet years, but total dissolved P (TDP) in dry
year. Ammonia-N (NH,4-N), total P (TP), total dissolved P(TDP) and PP had prominent flushing responses to storm events
and were delivered mainly from overland sources by surface runoff; while the concentrations of total N(TN) and nitrate-N
(NO3-N) were mainly diluted during storm events. Rainfall intensity and amount had significant control over P dynamics
and extreme events played a key role in TP exports, accounting for >90 % of the total TP load exports. However, the cu-
mulative rainfall and runoff regime during rainy season exerted significant control over N exports than individual rainfall
features. In the dry year, NOs-N and TN were delivered primarily through soil water flow paths during storm events; nev-
ertheless, wet year registered complex control on TN exports via soil water release, followed by surface runoff transport.
Relative to dry year, wet year registered higher N concentration and more N load exports. These findings could provide
scientific basis for determining effective pollution mitigation strategies in Miyun Reservoir basin and provide important
references for other semi-arid mountain watersheds.
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1. Introduction

The increasing nutrient inputs to surface water bodies can lead to water
quality deterioration, such as eutrophication, high turbidity, water acidifi-
cation and loss of biodiversity (Kelly et al., 2019). Researches demonstrated
that nutrient inputs from several storm events could sufficiently represent
the bulk of annual nutrient load to many rivers (Royer et al., 2006). Due
to the differences of precipitation characteristics and watershed character-
istics, nutrient compositions and their transport pathways are different in
terms of mass and species distribution during the transformation through
biological and physiochemical processes (Alvarez-Cobelas et al., 2008).
Therefore, a better knowledge about how storm events mobilize nutrient,
and how storm-mediated mobilization differs for nutrient are important
for developing feasible pollution control strategies for highly impacted riv-
ers and lakes (Pionke et al., 1999; Correll et al., 1999; Kelly et al., 2019).

Numerous studies have examined on nutrient dynamics during storm
events in rivers, lakes, reservoir and wetlands (Quan and Meon, 2015;
Adpyel et al., 2017; Williams et al., 2018; Hinckley et al., 2019). Differences
in nutrient export rates and discharge fluctuation rates during stormflow
periods create precedes or lags in constituent concentration peak compared
to the discharge peak. Thus, the hysteresis analysis for concentration-
discharge relationship has been widely applied to assess pollutant sources
and delivery pathways during storm events (Bowes et al., 2005; Lloyd
et al., 2016; Aguilera and Melack, 2018; Williamson et al., 2020). The
rainfall-runoff processes play a crucial role in biogeochemical cycles by de-
livering dissolved and particulate substances, mobilized over the soil sur-
face and through soil layers, to river systems (Chen et al., 2012; Ma et al.,
2016; Blaen et al., 2017; Nguyen et al., 2019). Therefore, stormflow and
its runoff compositions are vital for nutrient export evaluations. Most of P
in the soil exists attached to the soil particles; thus, soil erosion via surface
runoff during storms is the main pathway of P export (Walling et al., 2003;
Ballantine et al., 2006; Jarvie et al., 2012). But, dilution of P concentration
was also noted to confirm that the subsurface runoff had more control over
P exports (Burrus et al., 1990; Ballantine et al., 2008). Compared to P, NO3-
N and NH,4-N are highly mobile and easily leached within the soil and
ended up in the groundwater primarily in the form of NO3-N. Therefore,
subsurface flow paths may be the dominant way of NOs-N into the surface
water bodies during stormflow periods (Pionke et al., 1999; Schilling and
Zhang, 2004). However, some studies indicated that the total nitrogen
and nitrate nitrogen mainly came from surface runoff (Owens et al.,
2008). Janke et al. (2014) pointed out that the nutrient export pathway
could change seasonally with the change of rainfall, production activities
and other factors. These different views highlight the fact that the nutrient
transport processes are far complex. Thus, further investigations are war-
ranted.

The Chaohe river, located in the semi-arid region of North China, is an
important upstream river affecting the water quality of Miyun Reservoir
(Wang et al., 2018; Zhang et al., 2022). Miyun Reservoir is the only surface
drinking water source of Beijing. To control waterbody pollution of the res-
ervoir, a series of management policies have been issued for the upstream
basin, such as establishing a national key prevention area for soil and
water conservation (Zhao and Li, 1991), the Three-North Shelter Forest
Project (Wang et al., 2010), the Beijing-Tianjin Sandstorm Source Control
Project (Li et al., 2021), the Returning Farmland to Forest and Grassland
Project, the Paddy Land-to-Dry Land Program (Zheng et al., 2013; Zhou
etal., 2009), the application of soil testing and formulated fertilization tech-
nique (Cui et al., 2018), and so on. However, the water quality of Miyun
Reservoir has not been significantly improved in recent decades. On the
contrary, its nitrogen concentration fluctuated and increased, with an obvi-
ous eutrophication trend (Guo et al., 2021). One of the main reasons may be
that storm event influences on water quality were ignored, and associated
risks were underestimated.

Storm events establish strong hydrological links between overland pol-
lutant sources and riverine regimes, and cause significant exports in nutri-
ent and sediments particularly with diffused origin (Austin et al., 2004; Li
et al., 2006). However, in semi-arid watersheds, most of the annual

Science of the Total Environment 883 (2023) 163606

precipitation only occurs in the short rainy season and water quality moni-
toring has been confined to low resolution sampling (weekly or monthly).
Storm event influences on water quality and associated nutrient loadings
are less likely to be captured and underestimations on associated risks are
possible. Thus, it is urgent to carry out hydrological and water quality mon-
itoring of high-frequency to clarify how nutrients are transported from
lands to rivers. However, the frequency that rainfall generates runoff is
very limited (Jiang et al., 2015; Jiang et al., 2019). The uncertainty of
whether rainfall produces runoff intensifies the complexity of nutrient
export and migration (Mihiranga et al., 2021, 2022). At present, it is still
unclear how rainfall characteristics affect the pollutant forms and transmis-
sion paths in semi-arid watersheds. Are there any other important factors
affecting the pollutant delivery processes? Are the concentrations, loads
and transmission paths of stormflow pollutant different in different hydro-
logical years? Understanding the above problems will help for developing
effective management strategies and providing a decision-making basis
for water environmental treatments in the semi-arid mountainous reservoir
watershed.

In this study, the components of N (NO3-N, NH4-N and TN) and P (TDP,
PP and TP) were monitored by continuously sampling four storm events
during rainy season in 2018 (a wet year) and 2019 (a dry year) in the
Chaohe river basin. The key objectives of the study were: (1) to examine
the effects of summer storms on N/P behavior traits; (2) to examine
whether the delivery processes of N/P are different in different hydrologi-
cal years.

2. Materials and methods
2.1. Study area

The Chaohe river is an inflow river of Miyun Reservoir in a semi-arid
mountainous basin, with a drainage area of 5340 km? (Fig. 1) and a mean
annual discharge of 82.3 x 10® m® (with ~75 % occurring in the wet sea-
son from June to September). The length of the main channel to the outlet is
approximately 253 km and the river slope is 5.7 %o. The climate type of this
study area is the continental monsoon climate. The average annual temper-
ature is 6-10 °C, with a maximum temperature of 37.8 °C and a minimum
temperature of —28.6 °C. The average annual precipitation is 493 mm
and the precipitation varies monthly and annually. Precipitation in flood
season (June-September) generally accounts for 80 % of the annual precip-
itation, especially in July and August. The Chaohe river is a seasonal river,
with groundwater buried about 30 m deep. The river is mainly recharged
by precipitation, and the groundwater recharge is relatively small. Rain-
storm is the dominant form of precipitation, with high rainfall intensity
and strong erosivity, which provides power for the occurrence of non-
point source pollution.

The topography in the Chaohe river watershed is mostly mountainous,
with vertical zonality and abundant vegetation types. The vegetation is
mainly composed of coniferous and broad-leaved mixed forests. The land
use comprises 51.5 % forest, 36.8 % grassland, 10.5 % cultivated land,
1.8 % urban and residential land and 0.75 % villages. The most common
soil types are brown soil and cinnamon soil, accounting for over 80 % of
the total area. The Chaohe river basin covers four counties (Fengning,
Luanping, Chengde, Xinglong and Miyun), with a total population of 365
thousand. Industrial point sources are better controlled in the watershed.
Recent water quality degradation and eutrophication are mostly attributed
to improper treatment of fertilizer application, livestock and poultry ma-
nure, domestic sewage discharge and soil loss.

2.2. Fieldwork arrangements and laboratory analysis

During the flood season in 2018 and 2019, the water quality and quan-
tity were monitored synchronously in the lower reaches of the Chaohe river
basin. Storm water was continually collected at the Xiahui hydrological sta-
tion, the outlet of the Chaohe river (Fig. 1). The automatic rain gauge was
installed at Xiahui Hydrological Station to collect real-time precipitation
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Fig. 1. Location of the study catchment and baseflow sampling locations.

data and the frequency was once a minute. Sampling was collected at inter-
vals of 0.5-2 h when water level rises rapidly, and then 3-5 h' interval when
water level recedes slowly to ensure that the sampling process covers the
rising section, peak section and recession section of the flood process. We
gathered the data of rainfall, discharge and nutrient concentration during
storm events for analysis. The data sources of rainfall include the observa-
tion of automatic rain gauge set at the sampling point and the daily value
data set of China surface climate data network. Instantaneous stream dis-
charge during these storm events was measured by the staff at the Xiahui
hydrological station through the velocity-area method.

The water samples were stored at 4 °C for laboratory analysis within
24 h. Stream discharge and water samples for chemical analysis were mea-
sured and collected manually at the Xiahui hydrometric station during four
storm events. The samples were analyzed for these parameters: total nitrogen
(TN), nitrate nitrogen (NO3-N), ammonia nitrogen (NH4-N), total phospho-
rous (TP), total dissolved phosphorous (TDP), particle phosphorous (PP)
and total suspended solids (TSS). A portion of each water sample collected
in the bottles was filtered (0.45 pm) and taken as the filtered sample, and
the remainder was stored as the unfiltered sample. Filtered samples were an-
alyzed for NOs-N, NH3-N and TDP, and the unfiltered water samples were an-
alyzed for TN and TP. TN were determined using alkaline potassium
persulfate digestion ultraviolet spectrophotometry (HJ636-2012); NO3-N
was determined using ultraviolet spectrophotometry (HJ/T346-2007);
NH4-N was determined N using Nessler's reagent spectrophotometry
(HJ535-2009). TP and TDP were determined using ammonium molybdate
spectrophotometry (GB11893-89). The determination method of each
index conforms to the environmental protection industry standard of the
People's Republic of China.

2.3. Data analysis

2.3.1. Event mean concentrations calculation

The event mean concentrations of pollutants (EMCs) are used to de-
scribe the impact of pollutant migration caused by rainfall on river water
quality. Considering the pollutants from the point source emission and
groundwater runoff, the relatively stable pollutant concentration of the

river prior to a pulse on the hydrograph is taken as the baseflow concentra-
tion. The stormflow was defined as starting when discharged increased
>20 %, and was considered to end when flow fell below 20 % compared
to the previous baseflow (Kaméri et al., 2018). Then the stormflow load is
total load minus baseflow load:

L=Ly —Lg @
L i=n—1 Ci+Civ1 G+ Qi At: 2)
T = ; Y X Y X At (
Lg =cp X qp X At; 3)

i=n—1
9i t 9in
= S X A 4

where, L is stormflow load (kg), Ly is total pollution load (kg), L is
baseflow load (kg), and ¢; is the concentration of pollutants at time step i
(mg/1), q; is the streamflow (m3/s) at time step i, and At; is the time interval
between time step i and i + 1 (s), cp is the baseflow concentration (mg/1)
before rainfall, g is the baseflow (m®/s), and Q is the runoff (m>). There-
fore, the EMCs (mg/1) was calculated as:

Ly
EMCs = — 5
s 0 )

2.3.2. Hysteresis analysis

Hysteresis can reflect concentration—discharge relationships and ex-
plain the source of pollutants. If there is a lag phenomenon between nu-
trient concentration and discharge, the change trajectory will form a
circle graph which is called the hysteresis loop. Clockwise nutrient hys-
teresis patterns are generated when the concentration peak occurs on
the rising stage of a hydrograph compared with the falling stage. Nota-
bly, an anti-clockwise hysteresis pattern means that the concentration
peak appears later than the flow peak (Lloyd et al., 2016). A hysteresis
index (HI) describes the degree of lag phenomenon. As the initial step,
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instantaneous concentration and discharge measurements were normal-
ized using the following equations:

Normalizedq; = _4i ™ Gmin 6)
max — 9min
Normalizedc; = _CGi 7 Cmin_ 7

Cmax — Cmin
Then the hysteresis index (HI) was calculated using:
HI(q;) = cru(q;) — cr(q;) ®

HI = éZHI(qi) ©)

where HI(q;) is the index at percentile i of discharge, cg;(q;) is the nutrient
concentration on the rising limb at percentile i of discharge, cg(q;) is the
nutrient concentration at the equivalent point in discharge on the falling
limb. Hysteresis index occupies values between —1 and + 1; the magni-
tude of values represents the loop size and the strength of hysteresis. The
sign of index indicates the direction of the hysteresis loop. The positive
sign of HI value indicates that it is clockwise lag phenomenon and the pol-
lutants mainly come from surface runoff; while the negative sign indicates
that it is anti-clockwise lag phenomenon and the pollutants primarily come
from sub-surface runoff. Nevertheless, in larger watersheds, hysteresis pat-
terns might also imply the relative distance of pollutant sources to the dis-
charge point. Thus, Clockwise loops could result from sources closer to
the discharge point, while counter-clockwise loops might reflect distant
pollutant sources.

2.3.3. Principal component analysis

Principal component analysis (PCA) was performed to identify the
impacts of rainfall characteristics and discharge conditions on N/P dy-
namics during studied storm events of the dry and wet years. PCA anal-
ysis results are displayed in 2d scale and organized into the first and
second principal components (PCs) which explain most of the variabil-
ity with the data set. Variables which have higher correlation and inter-
dependency are displayed closer together in the horizontal and vertical
axis. The arrangement of variables along the horizontal axis is the most
important.

2.3.4. Hierarchical partitioning analysis

The rainfall and discharge influencing factors are interdependent
and interactive due to the complex rainfall-runoff mechanisms. Hierar-
chical partitioning analysis (HPA) was performed to explore the impor-
tant impact factors on N/P dynamics (Zhang et al., 2020). The HPA was
implemented in the R statistical package of “hier.part” (R Core
Development Team, 2008), which can determine the key impact factors
and effectively remove or weaken multicollinearity between influenc-
ing factors.

Table 1
Characteristic of rainfall and discharge.
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3. Results and analysis
3.1. Storms characteristics

Data for the four storm events on July 24, August 11 in 2018 and August
6, August 15 in 2019 were collected. Storm events were classified into dif-
ferent categories based on the total 24-hour rainfall amount; small storm: <
10 mm; moderate storm: 10-25 mm; large storm: 25-50 mm (storms B, C
and D); extreme storm: >50 mm (storm A). According to the daily rainfall
data of all precipitation stations in the Chaohe river basin from 1973 to
2020, the annual average rainfall was calculated and then the Pearson III
frequency curve was plotted. The years with precipitation guarantee rates
of 25 %, 50 %, and 75 % are respectively considered as wet years, normal
years, and dry years. Among them, 2018 is a wet year and 2019 is a dry
year. Table 1 presents the synthesized information on these events.

All four events showed the characteristics of typical short duration tor-
rential precipitation in semi-arid mountainous areas. Storm A had the larg-
est storm amount (127.6 mm), rainfall intensity (24.1 mm-h ™) and soil
moisture (71 mm), which caused the largest flood process relative to
other storm events. Peak discharge of storm A (330 m*s~!) at Xiahui hy-
drological station was 7.7, 24.6 and 31.4 times those of storms B
(42.9 m®>s™Y), C (13.4 m®>s™!) and D (10.5 m>s™}), respectively
(Fig. S1). In terms of the ratio of maximum to minimum discharge, the hy-
drological fluctuations of storms A, B, C and D were 7.3, 7.8, 4.73 and 1.38,
respectively. Storm A experienced the characteristics of “steep rise and
steep fall”, with short duration and drastic changes and the other three
flood processes took a long time. While storms B, C and D had similar max-
imum rainfall intensity, storm D exhibited the characteristics with the total
rainfall (29.6 mm) among which the peak discharge of storm D was rela-
tively small and the variation of discharge was relatively stable. Storm B
had a large average flow than Strom C, albeit storms B and C had similar
rainfall characteristics. The streamflow peaks of these four storms lagged
behind the maximum precipitation by around 12 h, 22 h, 43 h and 20 h, re-
spectively, which represented the time for the water to flow from the land
into the river channel from upstream to downriver. A quicker time to peak
could be due to larger rainfall amount, intensity and antecedent soil mois-
ture. The characteristics of the storm events presented here can be used
for examining the storm effects on riverine N and P dynamics.

3.2. Nutrient dynamics during storm events

Different rainfall-runoff-pollution processes occurred due to different
rainfall characteristics. The discharge and nutrient concentration during
storm periods were plotted and visually examined for the presence of nutri-
ent dynamics and their relations to hydrological conditions.

3.2.1. N concentration and load behaviors

Riverine concentrations and the associated behavior of different inor-
ganic N forms were clearly distinctive during the storms. Fig. 2 shows
that the proportion of NH4-N was small, the proportion of NO3-N was

Storm events A(extreme storm)

B(large storm) C(large storm) D(large storm)

Data 2018/7/24
Average temperature (°C) 24.3
Rainfall duration (h) 24

Total rainfall (mm) 127.6
Maximum rainfall intensity (mm-h ™ D) 24.1
Average rainfall intensity (mmh ') 5.32
Stormflow duration (h) 37
Streamflow range m3>s™ ) 45.4-330
Mean streamflow (m>s 1) 162.02
APT® (mm) 71

Total samples 9

2018/8/11 2019/8/8 2019/8/15
25.1 27.1 24.6

37 32 7

75.6 71.3 29.6

21.2 20 21.8

2.04 2.23 4.23

137 157 85
7.74-42.9 2.22-13.4 7.61-10.5
25.22 8.27 8.88

20 15 17

19 29 8

# Antecedent precipitation index (API) values can be used to represent antecedent soil moisture among pre-storm conditions. API = Y"1 | k' - Pi, Where Pi are the precip-
itation depths (mm) 1,2, ---,i(i = 12) days prior to the storm events and k is a constant defined as 0.85 (Chen et al., 2012).
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Fig. 2. Fluctuation of N concentrations and discharge during different storm events.

large, and the responses of different forms of N with flow fluctuation were
different. The change process of NH4-N concentration was similar to that of
river streamflow. Nonetheless, NO3-N concentrations were mostly diluted
inresponse to discharge increments. Similarly, TN concentrations gradually
declined to the bottom with the increase of runoff and showed a dilution
pattern, and then rose with the decrease of runoff.

The variations of N concentrations and loads in the four storm events
are shown in Table 2. The largest storm A registered the highest nitrogen
concentration ranges, in which TN, NOs-N and NH4-N ranged
10.23-15.09 mg/L, 8.63-10.85 mg/L and 0.25-0.66 mg/L, respectively.

The event-based ratios of maximum to minimum concentrations were
smaller and nearly stable for TN (1.22-3.66) and NO3-N (1.18-3.91) for dif-
ferent storm events. However, those of NH4-N (2.6-8.90) were relatively
wide and more variable between events. The event mean concentrations
(EMCs) of different forms of nitrogen were the highest in the largest
storm A, followed by storms B, C and D.

Table 2 indicates that NO3-N was the dominant form of nitrogen export,
accounting for 77-92 % of the total nitrogen export, while NH,-N shared
2-5 % of TN load. Interestingly, NOs-N in the smallest storm D contributed
a large fraction of TN load (92 %) than that in storm A (77 %). The largest

Table 2
Summary of nitrogen concentrations and loads of four storm events and background flow nitrogen concentrations.

Feature Event N NO;-N NH4N NO;-N /TN NH4N /TN
Pre-event concentrations A 13.69 10.66 0.31 78 % 2%
(mg/L) B 8.97 6.31 0.39 70 % 4%

C 4.63 3.73 0.03 81 % 1%

D 6.76 6.39 0.09 95 % 1%
Storm concentration A 10.23-15.09 8.63-10.85 0.25-0.66 72 %91 % 2 %5 %
ranges (mg/L) B 9.55-12.36 6.75-9.85 0.17-1.52 71 %-89 % 1 %-13 %

C 2.9-10.62 2.22-8.68 0.02-0.14 74 %97 % 0.4 %-4 %

D 5.67-6.91 5.4-6.39 0.09-0.3 85 %98 % 1 %-5 %
EMC (mg/L) A 12.73 9.81 0.45 77 % 4 %

B 11.3 8.84 0.56 78 % 5%

C 6.43 5.79 0.1 90 % 2%

D 6.22 5.75 0.15 92 % 2%
Total loads (Ton) A 274.73 211.71 9.71 77 % 4 %

B 186.72 146.07 9.25 78 % 5%

C 37.52 33.79 0.58 90 % 2%

D 17.93 16.58 0.43 92 % 2%
Stormflow load ratio® A 77 % 77 % 84 % - -

B 85 % 87 % 87 % - -

C 78 % 88 % 91 % - -

D 51 % 50 % 65 % - -

@ Ratio of stormflow N load to total load (stormflow + subsurface stormflow).
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storm A with the highest rainfall intensity registered the highest TN load ex-
ports (274.73 Ton), followed by storms B (186.72 Ton), C (37.52 Ton) and
D (17.93 Ton). During storm periods, TN, NO3-N and NH4-N loads shared
by stormflow were 51-85 %, 50-88 % and 65-91 % of the total loads
(stormflow load + subsurface stormflow load) in storms A, B, C and D, re-
spectively. It needed to point out that although the absence of water sam-
ples at the peak part of discharge may lead to some uncertainty of
analysis, it did not affect the conclusion that the largest storm A registered
the highest N concentrations and loads. In general, stormflow fluxes domi-
nated the NH,4-N exports, while subsurface stormflow fluxes had more con-
trol over NO3-N and TN exports.

3.2.2. P concentration and load behaviors

The dynamics of discharge and phosphorous (P) concentration during
storm periods are displayed in Fig. 3. Apparently, riverine concentrations
and the associated behavior of different P forms were distinctive during
the storms. It can be seen from Fig. 3 that the proportion of particle phos-
phorous (PP) was large during storms A and B, but the proportion of the
total dissolved phosphorous (TDP) was huge during storms C and D. In gen-
eral, the change processes of TP, TDP and PP concentrations were similar to
those of river streamflow. But the responses of different forms of P with
flow fluctuation were different. In extrema storm A, the PP peak lagged be-
hind the hydrograph peak during storm events. In storm B, PP had several
peaks and the main peak (0.4 mg/L) lagged behind the first discharge peak
for 8 h. In storm D, the TDP peak occurred simultaneously with the dis-
charge peak, while it preceded the hydrograph peak during storm A and
lagged behind the hydrograph peak during storms B and C.

The variations of phosphorous concentrations and loads in four storm
events are shown in Table 3. The largest storm A registered the highest con-
centration ranges and EMCs of TP and PP. Among them, TP and PP ranged
0.33-7.8 mg/L and 0.28-7.74 mg/L; and EMCs of TP and PP were
4.18 mg/L and 4.12 mg/L, respectively. The EMC of TDP was the highest
in storm C, followed by storms D, A, and B. In storm A, the EMCs were
4.06- and 4.25-times baseflow concentrations of TP and PP, respectively.
During other storm events, the EMCs were lower than baseflow concentra-
tion for all different forms of phosphorous, indicating overall dilution of P

- e TP Storm A
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concentration. The event-based ratios of maximum to minimum concentra-
tions were greater and more variable for TP (2.1-23.8) and PP (3.5-27.8)
over different storm events. Nevertheless, those of TDP (1.8-3.8) were rel-
atively small and nearly stable between events.

It can be seen from Table 3 that PP was the dominant form of phos-
phorous export for storms A and B, accounting for 78-99 % of the
total nitrogen export. For storms C and D, P was primarily exported as
TDP, shared 72-78 % of TP load. The export mechanism of phosphorus
was different for different rainfall intensity and rainfall amount. During
storm periods, TP, PP and TDP loads shared by stormflow were
51-98 %, 48-98 % and 61-98 % of the total loads in storms A, B, C
and D. In general, the dominant form of phosphorus export was incon-
sistent, which might be particle phosphorous or dissolved phosphorus
during different storm events.

3.3. Transmission pathways of pollutants during storm events

Affected by watershed topography, vegetation cover, rainfall and other
factors, there are great differences in transmission pathways of pollutants in
different watersheds. A hysteresis analysis is an effective method to judge
nutrient transmission pathways by analyzing the concentration—discharge
patterns (Bowes et al., 2005; Chen et al., 2012). Concentrations of different
water quality parameters produced different hysteresis loops trajectories
during rising and falling limbs of hydrograph in different events.

3.3.1. Hysteresis behaviors and transmission pathways of N

To visually examine the presence of hysteresis effect, we plotted the
concentration—discharge relationships of nitrogen throughout the four
events (see Fig. 4). In all storm events, NO3-N and TN produced counter-
clockwise hysteresis with higher concentrations on the falling limb of the
hydrographs, except for storm D. NH,4-N also displayed counter-clockwise
hysteresis, except for storm C. Overall, NO3-N dominated over TN hystere-
sis, and both recorded consistent hysteresis patterns through four storms.
The largest negative HIs of NO3-N (—0.80) NH4-N (—0.64) and TN
(—0.60) were recorded during storm A, which were associated with the
largest event.
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Fig. 3. Fluctuation of P concentrations and discharge during different storm events.
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Table 3
Summary of phosphorous concentrations and loads of four storm events and background flow nitrogen concentrations.
Feature Event TP TDP PP TDP /TP PP/TP
Pre-event concentrations A 1.03 0.06 0.97 6 % 94 %
(mg/L) B 0.19 0.02 0.17 11 % 89 %
C 0.46 0.31 0.11 67 % 33 %
D 0.27 0.22 0.05 82 % 18 %
Storm concentration A 0.33-7.8 0.04-0.07 0.28-7.74 1 %15 % 85 %99 %
ranges (mg/L) B 0.07-0.45 0.02-0.06 0.05-0.39 13 %-43 % 57 %-87 %
C 0.25-0.78 0.16-0.6 0.01-0.2 52 %97 % 3 %-48 %
D 0.17-0.36 0.11-0.29 0.01-0.11 52 %-94 % 6 %-48 %
EMC (mg/L) A 4.18 0.06 4.12 1% 99 %
B 0.18 0.04 0.14 22 % 78 %
C 0.36 0.28 0.08 78 % 22 %
D 0.25 0.18 0.07 72 % 28 %
Total loads (Ton) A 90.21 1.29 88.91 1% 99 %
B 2.97 0.66 2.31 22 % 78 %
C 2.10 1.63 0.47 78 % 22 %
D 0.72 0.52 0.20 72 % 28 %
Stormflow load ratio A 94 % 78 % 94 % - -
B 81 % 90 % 79 % - -
C 98 % 98 % 98 % - -
D 51 % 48 % 61 % - -

An anticlockwise hysteresis indicated soil water runoff was the main
NOs-N transport pathway, the nitrate could be replenished by delayed
soil water runoff and had a longer flushing time. In storm D, NO3-N demon-
strated a clockwise trajectory, which means that the nitrate supply was pri-
marily dominated by within-channel mobilization and diluted by
increasing discharge. The dilution effect was mainly attributed to the dilu-
tion of solute in soil water by increasing discharge. In Chaohe river basin,
agricultural fertilization is usually performed in spring and early summer.

In summer rainy season, frequent rainfall flushing can alter the NO5-N con-
tent in soil water, and the export of NO3-N can gradually change from trans-
portation restriction to source restriction. On the contrary, NH4-N
presented an anticlockwise trajectory. Its concentration increased with
the increase of streamflow and reached a peak value at the descending sec-
tion of the hydrograph, and then dropped to the previous concentration, in-
dicating that the potential source of NH,4-N is far away from the monitoring
point. In addition, most of NH4-N was washed by surface runoff from the
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Fig. 4. Hysteresis patterns of N concentrations and discharge during different events.
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Fig. 5. Hysteresis patterns of TP concentration and discharge during different events.

upstream area and delayed to be transported downstream to the outlet. TN
hysteresis behavior was consistent with NO3-N during storms which indi-
cated again that NO3-N was the dominant form of nitrogen export and
soil water runoff was the main hydrological pathway of TN export. There-
fore, N management would require the reduction of nitrogen sources and
the prevention of soil water pollution through infiltration by improving
land management.

3.3.2. Hysteresis behaviors and transmission pathways of P

Fig. 5 showed the concentration—discharge relationships of TP through-
out the four events. During storms A and B, TP produced counter-clockwise
hysteresis with higher concentrations on the falling limb of the
hydrographs, whereas displayed clockwise hysteresis during storm D. The
largest HI of TP (0.74) were also recorded during storm A. In storms A
and B, particle P was the dominant form of P export. PP was consistent
with the increase of discharge and suspended sediment concentration
(Figs. 3 and S3). This showed the removal of P from the cultivated area
mainly in the form of particles. The migration of sediment and other parti-
cles caused by soil erosion lagged behind the runoff, resulting in the peak
concentration of some pollutants adsorbed on sediment to lag behind the
peak flow. The source of P pollutants in storms A and B mainly originated
from surface sediments. In storms C and D, TDP was the dominant form
of P export. The clockwise hysteresis indicated that TDP and TP delivered

o
- 0-D B
> @
R-D
€
[
R-A
v
TN-L [NO3-L
2 NH4-M DN
N NH4-L
= TDN-M
TN-M
S NO3-M
a
-~
O-M
4
D. K A®
APLS
o
= R-AI
|
-1.0 PC181.2% 1.0

(a)

via surface runoff. In general, no matter the P export form was PP or TDP,
the TP was transmitted through surface runoff.

3.4. Influencing factors of riverine nutrient

Rainfall drives the nutrient from basins to water body through runoff,
soil erosion and farmland drainage (Alvarez-Cobelas et al., 2008). Due to
different nutrient sources and rainfall characteristics, transmission path-
ways via storm runoff become complicated. Therefore, Principal Compo-
nent Analysis (PCA) and Hierarchical Partitioning Analysis (HPA) were
applied to determine the effects of rainfall, streamflow and antecedent
soil moisture on N and P dynamics during storms (Figs. 6-7). Apparently,
PC1 and PC2 explained over 90 % of the variation of the variables.

As shown in Fig. 6a, the concentrations and loads of all N variables were
highly correlated with rainfall amount, intensity and mean streamflow in
storms A and B. Compared with storms C and D, storms A (extreme) and
B (large) contributed significantly to the N dynamics. And the HPA results
revealed that mean discharge had a higher impact on the concentrations
and loads of all N variables than precipitation factors, reaching over 50 %
(Fig. 7a). Therefore, the N export processes were affected by the whole
rainfall-runoff processes.

Fig. 6b showed that the concentrations and loads of all P variables (ex-
cluding TDP) correlated strongly with rainfall characteristics in storm A.
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Fig. 6. Principal component analysis correlation among N(a)/P(b) variables, rainfall and discharge characteristics and antecedent soil moisture during storm events; A, B, C, D
denotes four storms; Q-M and Q-D are mean discharge and stormflow duration, respectively; R-A, R-D, R-Al, R-MI, and API are rainfall amount, duration, average intensity,
maximum intensity, and antecedent precipitation index, respectively; TN-L, TP-L, ... are the respective N/P loads, while TN-M, TP-M, ... are the respective N/P mean

concentrations (i.e. EMCs).
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Fig. 7. The results of hierarchical partitioning analysis for N(a)/P(b).

The extreme storms determined the P load and concentration behaviors in-
dicating influences of intensive rainfall on soil erosions and subsequent P
exports. The HPA results indicated that the maximum precipitation inten-
sity has the greatest impact on the concentrations and loads of P variables,
followed by the average precipitation intensity and antecedent precipita-
tion index (Fig. 7b).

4. Discussion
4.1. Effects of rainfall characteristics on nutrient transport processes

Basically, the nutrient export processes vary with rainfall intensity and
amount (Wagne et al., 2008; Macrae et al., 2010; Chen et al., 2012;
Bowes et al., 2015; Bender et al., 2018). However, it is still unclear how
rainfall intensity, amount and duration affect pollutants transmission
paths in semi-arid catchments. In this study, different pollutant export
forms and transport pathways were studied in four storm events (including
one extreme storm, three large storms) during rainy seasons of the Chaohe
river basin.

Different rainfall events and associated hydrological conditions led to
contrasting nutrient behavior responses between events and between com-
ponents (Figs. 2-3, S2 and Tables 2-3). The extreme storm A experienced
the highest mean concentration, concentration ranges and load exports
for all N components, which meant the extreme storm with highest rainfall
intensity and amount, mobilized significant amount of nutrient from board
watershed regions to the near-stream regions. In the all four storms, the re-
sults of dilution of concentrations confirmed that the subsurface runoff had
more control over NO3-N and TN exports (Fig. 4). Surface stormflow fluxes
still dominated NH,4-N exports.

Compared with nitrogen, the main composition and hydrological path-
ways of phosphorous exports were relatively complex. Rainfall amount and
intensity had significant control over TP (p < 0.05). The PCA and HPA re-
sults (Fig. 6b and Fig. 7b) confirmed the correlations between P variables
and rainfall characteristics in storm A. Extreme storm events played a
vital role in P exports. In the extreme storm A, all P components had the
highest mean concentration, concentration ranges, load exports and
stormflow load ratio. The large storm A shared 94 % of total P exports.
PP fractions increased markedly to 99 %, almost becoming the only form
of phosphorous export. The extreme storm formed infiltration excess runoff
to drive soil erosion and carry a large number of surface sedimentary pollut-
ants to water body.

During the extreme storm conditions, sharp N/P enrichment would
cause eutrophication and stimulate phytoplankton growth in reservoir

waters, consistent with the fact that the highest cell density of algae oc-
curred and slight cyanobacteria bloom broke out in some shallow water
areas in September and October after storm events (Jia et al., 2014). In
the past two decades, the concentration of total nitrogen in Miyun reservoir
has increased and has approach or reached the eutrophication level
(Wurtsbaugh et al., 2019; Xu et al., 2020). The first large-scale
cyanobacteria bloom occurred in Miyun Reservoir in September 2002
(Wang et al., 2009). Therefore, our present findings should provide a useful
reference for future research on unsteady response of eutrophication status
in Miyun Reservoir to the Chaohe watershed nutrient loads. In addition, our
findings suggest that high-frequency simultaneous monitoring of water
quantity and quality during the whole flood season is important for reason-
ably estimating nutrient export and evaluating the impact of storm events
on water quality, so as to consider the acceptable level of risk management
for the storm size.

4.2. Effects of hydrological years on nutrient transport processes

The hydrological pulse events affected the N/P transport from the basin
to the Chaohe river in terms of quality, quantity and instability. Composi-
tion and transmission pathways of nutrient export led to specific measures.
However, it is unclear whether there are different nutrient transport pro-
cesses in different hydrological years in semi-arid watersheds.

Runoff generation in semi-arid is complicated, including two different
mechanisms, i.e., infiltration excess and saturation excess (Jiang et al.,
2019). Although the rainfall amount, intensity and duration were similar
between storm B and C, the streamflow and N concentration in storm B
were highly variable. The sufficient rainfall in the previous stage of storm
B increased the soil moisture, which was conducive to runoff generation
and nutrient flush. It indicated that N transport processes were not only af-
fected by rainfall characteristics, but also related to the overall rainfall and
runoff regimes during flood season. The differences of rainfall characteris-
tics and soil water content could cause different processes of pollution
transport in semi-arid areas. The PCA and HPA results (Fig. 6a and
Fig. 7a) confirmed the correlations between N variables and rainfall-
runoff regime in the wet year.

Compared to 2019 storms, 2018 storms had larger concentrations and
loads of all N forms; further average load exports of TN, NO3-N, NH4-N
per event of 2018 (231, 179, 9.5 Tons) were 8-fold, 7-fold and 19-fold
higher than those of 2019 (28, 25, 0.5 Tons). These results indicate the sig-
nificant influence of wet years and broad discharge fluctuations in the rainy
season on N dynamics. Although NO3-N was the dominant form of N ex-
port, it accounted for a high proportion (>90 %) during flood seasons in
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dry year, while <80 % in wet year. It meant that the rainfall events in the
wet year caused soil erosion (Fig. S3) to increase the proportion of particu-
late nitrogen (PN) export and brought not only pollutants (such as chemical
fertilizers and pesticides), but also a large amount of natural organic nitro-
gen (Org—N) into the river. PN and Org-N were delivered through surface
runoff and soil water runoff have been documented in previous studies
(Martin and Harrison, 2011; Inamdar et al., 2015). Thus, wet year regis-
tered complex control on N exports. Mobilization of N been different nutri-
ent pools (surface runoff and soil water runoff) affected the N dynamics
over rainy seasons in the semi-arid mountainous basin. In the dry year, sea-
sonal patterns in subsurface runoff primarily control the N exports and com-
position.

Phosphorus concentration and load behaviors between dry and wet
years were clearly different, which changed with discharge and different
patterns existed under varied flow conditions (Table 3, Fig. 5). In wet
year, P was flushed with storm runoff and PP was the dominant form, albeit
in dry year, dilution of P concentrations was prominent and the storm run-
off delivered the majority of TDP load (see Fig. S2). Differences in TSS ex-
ports during storms between two monitored years are the main causes for
differences in P behaviors (see Fig. S3). Thus, sediment origin was impor-
tant for PP exports. When rainfall events caused soil erosion, phosphorus
was mainly transported and taken away in the form of sediment, resulting
in the increase of PP concentration in runoff. Hence, the loss of phosphorus
was dominated by PP (in wet year). When it did not cause soil erosion, it
was mainly dissolved state (Figs. 4-5). Overall, erosion and sediment mobi-
lization processes had greater control on P exports, indicating erosion con-
tributions through surface runoff, particularly from the regions closer to the
river network as the primary P export mechanism. Therefore, reducing ero-
sion was critical for reducing nutrient transport.

Therefore, we suggest that appropriate water and soil conservation
measures focusing on N/P application technology should be taken for re-
ducing nutrient transport.

5. Conclusions

In this study, the effects of storm events on riverine nutrient dynamics in
a drinking water supply river basin were initially evaluated to identify pol-
lutant export forms and delivery processes between storm events of the two
hydrological years. The results showed different pollutant forms exhibited
different concentration, load, composition behaviors and transmission
pathways during different storm events and hydrological years.

(1) N was mainly exported in the form of NO5-N; while, NH,4-N registered
more dynamic concentration and load behaviors between events and
between different hydrological years. The dominant form of P export
varied with different rainfall intensity and amount, which could be ei-
ther PP or TDP.

Nitrate and ammonium had different supply sources and transport
mechanisms. While NH4-N was mainly washed via surface runoff
from over-land sources, NO3-N and TN were mostly delivered via sub-
surface runoff. TP was primarily associated with overland sources and
transported by surface runoff.

Rainfall characteristics (i.e. intensity, amount) had significant control
over P dynamics. The extreme storm event often registered the highest
nutrient concentrations and largest pollutant load exports. It especially
played a key role in TP exports, accounting for 94 % of the total TP load
exports.

N dynamics displayed stronger correlations with hydrological pro-
cesses (i.e., rainfall, discharge) than individual rainfall features. N dy-
namics through two years suggested complex control on TN exports
by both soil water runoff and surface runoff associated sources in the
wet year. Storm events of the wet year often registered the higher N
concentration and more pollutant load exports, which might lead to
the greater risk of eutrophication. Dominant forms of P were inconsis-
tent between two hydrological years. PP was the dominant P form in
wet years, but TDP in dry year.

(2

—
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These findings allowed us to gain a comprehensive understanding of the
nutrient export process and export controls during the rainy season in a
drinking water source basin. And it could be served as a reference for estab-
lishing water quality monitoring programs and determining effective pollu-
tion mitigation strategies in the future.
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