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a b s t r a c t
Seasonal rainfall events reinforce the link between terrestrial and ﬂuvial domains and are crucial for assessing hydrological control over riverine nutrient dynamics and pollutant source behaviors, especially in a semi-arid watershed. Taking the Qingshuihe river basin, a semi-arid mountainous basin in China, as an example, this paper
investigated storm effects on riverine nitrogen (N) and phosphorus (P) dynamics (i.e. concentration, load, and
composition changes) through continuous sampling of four storm events of the 2019 rainy season, including
one small storm, two moderate storms, and a large storm. Pollutant sources and transport pathways were then
examined over the storm sequence via hysteresis analysis. The results revealed a strong linkage between N/P dynamics and hydrological processes. Storm runoff caused a 6-fold increase in particulate-P (PP) and a 4-fold increase in ammonia-N (NH4-N) ﬂuxes through four storms (most sensitive nutrients to storms). On average, PP
shared 86% of P exports, and nitrate-N (NO3-N) contributed 79% of N exports. PP and NH4-N were delivered primarily from overland sources and transported by surface runoff. Nonetheless, mobilization of channel sediment
reserves was also an important way of PP supply during storms. The results suggested groundwater as the principal NO3-N source in the watershed, and subsurface ﬂow was important for NO3-N and total dissolved-P (TDP)
delivery during storms. The large storm (>20 mm) often registered the highest N/P load exports. However, there
were other inﬂuencing factors/processes on stormﬂow N/P dynamics in the semi-arid watershed, which complicate/override the effects of different storm magnitudes. Total suspended solids (TSS)/PP source availability and
inter- and intra-storm export trends inﬂuenced P behaviors through storms. Moreover, impacts of mobilization
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processes on NO3-N behavior appeared over the storm sequence. These ﬁndings enhance our understanding of
storm events induced N/P exports in water-scarce regions and provide references for water quality predictions
and control in ﬂood seasons.
© 2021 Elsevier B.V. All rights reserved.

Moreover, studies that focused on the concurrent analysis of storm inﬂuences to several nutrient types (such as N and P) and associated nutrient components are limited in the literature.
Qingshuihe river located in Zhangjiakou, China, represents such a
unique eco-zone with a mountainous topography, semi-arid climate,
and human perturbations (including rubber dam construction). Excessive nutrient loading from the upper watershed and subsequent water
quality impairment (i.e. eutrophication) during spring and summer
are serious challenges for water security in this region (Bao et al.,
2018). This watershed region has suffered from severe water scarcity
since 1999 (He, 2017). With all these challenges, Zhangjiakou has become a co-host city of the 2022 Winter Olympics, and related tourist attractions, developments, and emerging enterprises will exert extra
pressure on scarce water resources and their quality. Therefore, a better
understanding of nutrient behavior characteristics and delivery mechanisms during storm events is important in developing more effective
management plans.
In this study, we ﬁrstly investigated the contrasting responses (including concentration, loads, and composition) of Qingshuihe river N
and P to storms. Secondly, we examine whether nutrient dynamics
and the effects of storms differed among forms of nutrients. Finally,
concentration-discharge relationships were examined via hysteresis
analysis to evaluate pollutant transport pathways and pollutant sources.
In addition, Inﬂuencing factors were examined via the principal component analysis (PCA).

1. Introduction
Excessive nutrient (phosphorus (P), Nitrogen (N), etc.) loading into
river systems leads to the decline of ecosystem productivity, such as the
deterioration of freshwater quality, eutrophication, is a global issue
(Lassaletta et al., 2016; Yu et al., 2011). Despite the differences in scale
and engineering, small dams have led to solute/particulate nutrient
trapping similar to large reservoir dams and amplify primary production and ecological risks (Bao et al., 2018; Gao et al., 2017). Therefore,
catchments with dammed river sections are more sensitive to nutrient
pollutant loadings from the upper watershed regions. Storm events
could establish strong hydrological links between overland pollution
sources and river regimes while causing signiﬁcant exports in nutrient
and sediments, particularly with diffused origin (Bowes et al., 2015;
Duvert et al., 2010; Vanni et al., 2001). In semi-arid mountainous
areas, the occurrence of non-point source nutrient pollution is mainly
driven by storm events, which determines annual total pollution
loads. Therefore, understanding the solute/particulate nutrient dynamics, transport pathways, and inﬂuencing factors during storm events are
crucial for water security in semi-arid areas in the context of rising
human perturbations.
Riverine nutrient concentration behavior responses to stormﬂow associated discharge ﬂuctuations could be linear, non-linear, or complex.
Differences in constituent delivery rates and discharge ﬂuctuation
rates during stormﬂow periods create precedes or lags in constituent
concentration peak compared to discharge peak. Hysteresis analysis
explores these concentration differences at two limbs of hydrograph
via plotting concentrations against discharge and evaluating loop trajectories (Bowes et al., 2003; Rodríguez-Blanco et al., 2009). Clockwise
loops often imply rapid delivery of nutrients through surface runoff,
while delayed mobilization of nutrients via subsurface ﬂow path is
generally denoted by counter-clockwise loops. The Figure-of-eight response indicates varying patterns in discharge-concentration relationship within a single storm event (Williams, 1989), likely due to
several sources of pollutants with different runoff origins. However, in
larger watersheds, loop directions may also imply the distance of pollutant sources to the discharge point. This technique has been widely used
for pollutant sources and transport mechanism characterizations over
the past two decades (Baker and Showers, 2019; Chen et al., 2012;
Chow et al., 2017; Williams et al., 2018). Recent improvements in hysteresis analysis through index derivations enabled quantiﬁcation of hysteresis loop magnitudes and comparison of concentration data between
storms and between different water quality parameters (Lawler et al.,
2006; Lloyd et al., 2016a).
Variations in nutrient concentration responses, load exports, and
hysteresis behaviors through storm sequence have been utilized to
identify possible controls on nutrient exports, such as storm magnitude,
antecedent moisture conditions, and pollutant source availability
(Bowes et al., 2015; Macrae et al., 2010; Williams et al., 2018). Nonetheless, nutrient behaviors during storms have been inﬂuenced by both
watershed characteristics (topography, land use, soil properties, etc.)
and precipitation characteristics (rainfall intensity, duration, etc.)
(Arheimer and Lidén, 2000; Ballantine et al., 2008; Sun et al., 2013;
Wagner et al., 2008; Zhang et al., 2008). Hence, stormﬂow-associated
nutrient exports could be highly variable among different geographical
areas and location-speciﬁc. In semi-arid mountainous areas, the precipitation duration is short, but the change is sharp. Given these unique topographic, climatic, and human interactions, there all fewer researches
on storm inﬂuences relevant to riverine solute/particulate dynamics.

2. Materials and methods
2.1. Study area
The Qingshuihe river represents a typical semi-arid mountainous
watershed located in Zhangjiakou, Hebei Province, China, with a total
drainage area of 2380 km2, a river length of 109 km, and a river channel
gradient of 4–10% (Fig. 1). It is one of the main tributaries of the Yang
river, which ﬂows into the Guanting reservoir. The river originates
from the Huapiling area between Zhangbei country and Chongli country
and consists of 3 main tributaries; Xigou, Zhenggou, and Donggou. The
climate condition of the study area is characterized by temperate continental monsoon. Four distinct seasons are in a year; cold, dry, and windy
winter; dry and windy spring; hot summer with concentrated precipitation; clear and moderate cold autumn. The river is frozen from
December to February during the winter season. The average annual
precipitation amount is ~400 mm, and most (70–80%) is received during the summer rainy season (June–September), and the period from
late July to early August has the highest rainfall concentration (He,
2017; Ying, 2016). Meanwhile, the annual average evaporation and
temperature of this region are 850–1200 mm and 7–10 °C, respectively
(Dai et al., 2019). The topography of the catchment is mountainous with
an altitude range of 644–2170 m, and the altitude increases from southwest to northeast direction.
Macrophytes and algae boost during spring and summer are the
major issues faced at the dammed river section (30 rubber dams spread
along 22 km) in the Zhangjiakou city region. Land use of Qingshuihe
catchment consists of forest land (52.83%), farmland (25.44%), grassland (20.18%), rural land (1%), water (0.39%), and urban land (0.08%)
(Sun et al., 2013). Regardless of lower annual precipitation amounts received, agricultural crop cultivations are generally conducted as two
seasons per year (winter and summer crop), and irrigation has been
identiﬁed as the largest water consumer (72% of total water resource)
2
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Fig. 1. Features of Qingshuihe River catchment and study arrangements.

following the ammonium molybdate spectrophotometric method. The
ultraviolet (UV) spectrophotometry method was used to determine
TN (with alkaline potassium persulfate digestion) and NO3-N concentrations. Whereas TSS was determined using the gravimetric method.
PP was estimated as the difference between TP and TDP. Other than
water sampling, rainfall was continuously recorded using two tipping
bucket rain gauges installed within the watershed (Fig. 1).

in the Zhangjiakou area (Dai et al., 2019). Moreover, excessive N and P
fertilizer applications have led to greater unsustainability in agriculture
production in this region (Guo et al., 2014). In recent years, the scale of
animal husbandry has been increased signiﬁcantly in the watershed, including livestock and poultry (Ying, 2016). Free grazing practices of cattle, sheep, goats, and horses within the riparian zones and near
grasslands are intensiﬁed during the rainy season, which could lead to
overgrazing, riparian ecosystem damages, and addition of livestock defecations, allowing leaching and ﬂushing of nutrients (e.g., N forms, P
forms); and facilitate soil erosion through the rainfall process.

2.3. Data analysis
2.3.1. Antecedent soil moisture condition estimations
Antecedent soil moisture conditions could inﬂuence the hydrological response of a catchment to a rainfall event. Whereas, antecedent
precipitation index (API) is an alternative indicator of antecedent soil
moisture conditions (Perrone and Madramootoo, 1998). In the present
study, the API indexes were calculated using the following equation
(Chen et al., 2012),

2.2. Sampling and laboratory analysis
Beibengfang (BBF, Fig. 1) was the stormwater sampling site that coincides with the last nearly natural section of the Qingshuihe river before entering into the dammed river section with rigid management.
Four storm events of the 2019 rainy season were closely monitored
and manually sampled at 0.5–2 h intervals amid elevated ﬂow conditions. Auxiliary samples were collected one day before storms to represent pre-event baseﬂow constituent status. Samples were collected
from the middle of the river section using a water sampler and poured
into clean 500 ml polyethylene containers as air-tight. Along with
water sampling, ﬂow rates were measured using a ﬂow meter
(FlowTracker2 Handheld-ADV).
Samples were taken to the laboratory within 24 h of collection; a
portion of each sample was ﬁltered through a 0.45 μm membrane and
either analyzed immediately or kept at 4 °C for subsequent analysis. Filtered water samples were analyzed for total dissolved-P (TDP),
ammonia-N (NH4-N), and nitrate-N (NO3-N), and original water samples were analyzed for total-P (TP), total-N (TN), and TSS. The national
standard methods (SEPA, 2002) were employed to analyze all the constituents except NH4-N, which was determined by NH4-N prefabricated
tube reagent (Nessler 0.02–2.5 mg/L, HACH, USA) using a HACH DR2800
(HACH, USA). The concentrations of TP and TDP were analyzed

i

API ¼ ∑k P i

ð1Þ

where Pi is precipitation 1, 2, …., i (i = 14) days prior to the event and
“k” is a constant (k = 0.85). Three antecedent soil moisture conditions
were deﬁned according to API value; Status I (dry): 0 ≤ API ≤ 15 mm;
Status II (moderate): 15 ≤ API ≤ 30 mm; Status III (wet): API >30 mm
(modiﬁed from Perrone and Madramootoo, 1998).
2.3.2. Constituent load and mean concentrations calculations
Stormﬂow-associated solute/particulate load delivery estimations
were necessary for environmental risk assessments and pollutant
source behavior evaluations. Thus, baseﬂow was deﬁned as the period
of relatively stable ﬂow prior to a storm event, and stormﬂow was deﬁned as starting when discharge increased more than 20% and was
regarded to end when ﬂow fell below 20% increment level compared
to previous baseﬂow (Kämäri et al., 2018; Martin and Harrison, 2011).
3
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index calculations to enable comparisons of actual loop sizes among different storm events.

Instantaneous chemical concentrations and discharge rates were
multiplied to compute instantaneous solute/particulate ﬂuxes
(mg s−1) and integrated over the stormﬂow period for the total load
calculations. To determine baseﬂow loads, measured pre-event chemical concentration was multiplied with corresponding discharge volume
over the stormﬂow period. Then, the stormﬂow load was computed by
deducting the baseﬂow load from the relevant total load of the storm.
Lastly, the ﬂow-weighted mean concentration (FWMC) was calculated
by dividing the event-based total load by respective discharge over
the stormﬂow period.

2.3.4. Correlation analysis
The principal component analysis was conducted to investigate the
correlation between constituent behaviors (loads, mean concentrations) and inﬂuential factors (rainfall and discharge characteristics, antecedent soil moisture). The considered rainfall characteristics were
rainfall amount, intensity (average and maximum), duration, and cumulative rainfall in the rainy season. Whereas discharge characteristics
were discharge mean, range, and stormﬂow duration. API values were
utilized to express antecedent soil moisture status. PCA was performed
using Canoco 5.0 (Microcomputer Power, USA). In addition, within
storm events, correlations between constituents and discharge rates
were analyzed, computing Kendall's correlation coefﬁcients at a signiﬁcance level of α = 0.05.

2.3.3. Hysteresis analysis
At a given discharge, the presence of chemical concentration difference in the rising and falling limb of the hydrograph (i.e. hysteresis) is
often analyzed by plotting stormﬂow concentrations against discharge.
This creates a loop-trajectory that indicates lag or precedes in solute/
particulate ﬂuxes. Robust quantiﬁcation and evaluation of hysteresis
loops enable the comparison of different storm events. Lawler et al.
(2006) introduced one of the ﬁrst reasonable indexes that compare concentrations at two limbs of hydrograph at 50% discharge increment level
of the storm. A more effective hysteresis index was later elaborated by
Lloyd et al. (2016b), which compares two hydrograph limbs at greater
discharge resolutions. In this study, we calculated hysteresis indexes
for all the solutes/particulate for each storm following the methods
outlined by Lloyd et al. (2016b). As the initial step, instantaneous concentration and discharge measurements were normalized using the following equations:
Normalized Q i ¼

Q i −Q min
Q max −Q min

ð2Þ

Normalized C i ¼

C i −C min
C max −C min

ð3Þ

3. Results
3.1. Storm characteristics
Four storm events, which appeared on July 19 (storm-A), August 6
(storm-B), August 7 (storm-C), and August 20 (storm-D) of 2019,
were studied (Fig. S1). The characteristics of storm events have been
summarized in Table 1. Storm events were classiﬁed into three categorized based on the average rainfall amount; small storm: <10 mm
(storm C); moderate storm: 10–20 mm (storms A and D); large
storm: >20 mm (storm B). Storms B and C were successive events
which were occurred on two consecutive days. Moreover, storm B was
the largest event along with the highest maximum-rainfall intensity
(20.6 mm/h), while storm C was the smallest event with the secondhighest antecedent soil moisture (27.8 mm). Two moderate storm
events reached their peak discharge after 9 h since the beginning of
rainfall, while two successive events took only 7 h. Discharge ﬂuctuation
magnitudes were computed as the ratio of maximum to minimum discharge and were 2.5, 3.5, 2.0, and 1.8 for storms A, B, C, and D, respectively. Though storm B had dry antecedent soil moisture conditions, it
still recorded the highest discharge ﬂuctuations, indicating the overriding impact of both rainfall amount and rainfall intensity on runoff
generation compared to antecedent conditions. Storm C showed the
third-highest magnitude in discharge ﬂuctuations, despite associated
lowest rainfall amount and intensity, implying the authority of antecedent soil moisture status (i.e. saturation of near-surface soil layers) on
runoff generation compared to rainfall characteristics. Although both
storms A and D had similar rainfall amounts, storm D had the highest
rainfall duration (9 h), the lowest rainfall intensity (4.2 mm/h), and
the lowest antecedent soil moisture (8.4 mm) compared to other
storms. In contrast, storm A had more moderate rainfall characteristics
with the highest antecedent soil moisture (35.1 mm). Those characteristics of storm D facilitated inﬁltration with less runoff generation,
resulting in the lowest discharge ﬂuctuations. Average precipitation
amount of 46.7 mm (8 storms) was received during the period between
storms A and B, while that was 23.3 mm (3 storms) between storms C
and D. The hydro-meteorological analysis presented here aids the understanding and interpreting of stormﬂow N and P dynamics.

where Qi/Ci is the discharge/chemical concentration at time step i, Qmin/
Cmin is the minimum storm parameter value and Qmax/Cmax is the maximum storm parameter value. Then the hysteresis index was calculated
as:
HIQ i ¼ C RL_Q i −C FL_Q i

ð4Þ

where HIQi is the index at percentile i of discharge, CRL_Qi is the chemical
value on the rising limb at percentile i of discharge, CFL_Qi is the chemical
value at the equivalent point in discharge on the falling limb. In this
study, hysteresis indexes were calculated at every 5% increment in discharge, and individual indexes were averaged to obtain the mean hysteresis index (HIm). HIm used as the ultimate index value for the storm
comparisons. In the storm event D, where two discharge peaks occurred, individual hysteresis index values were calculated separately
for the two discharge peaks and averaged together to calculate HIm.
The hysteresis index occupies values between −1 and +1; the magnitude of values represents the loop size and the strength of hysteresis.
The sign of the index indicates the direction of the hysteresis loop.
Combining both HIm and visual examining of loop trajectories, hysteresis loops of each storm was classiﬁed into one of the ﬁve categories:
clockwise, counter-clockwise, ﬁgure-of-8, no hysteresis, and complex.
Clear loop-trajectories with positive mean hysteresis indexes were
identiﬁed as “clockwise” while negative HIm were categorized as “counter-clockwise”. A combination of both clockwise and counter-clockwise
loops (with single rising and falling limbs cross over) was recognized as
the “ﬁgure-of-8” behavior. Events with little limb separation (approximately −0.070 < HIm < 0.070) and small total loop area were categorized as “no hysteresis”. Events were categorized as “complex” when
they were inconsistent with either of the remaining four categories.
Moreover, actual concentration versus normalized discharge was plotted for each storm and followed the same approach for hysteresis

3.2. Concentration responses of N/P forms during storm events
The variations of nutrient concentrations in four storm events are
shown in Fig. 2. It can be seen from Fig. 2a that the proportion of NH4N is small, the proportion of NO3-N is large, and the response of different
forms of N with ﬂow ﬂuctuation is different. Except in storm A, NO3-N
concentrations were primarily diluted in response to discharge
increments in all the storms. Yet, in the falling limb of storm B, NO3-N
concentration showed a speedy recovery compared to those of storms
C and D. In contrast to NO3-N, NH4-N consistently produced elevated
4
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Table 1
Rainfall and discharge characteristics of four studied storm events.
Storm
event

Date

Rainfall
duration (h)

Mean rainfall
(mm)a

Max-rainfall
intensity
(mm/h)b

Stormﬂow
duration (h)c

Discharge
range
(m3 s−1)

14 day-API
(mm)

Baseﬂow:
stormﬂow

Number of
samples

A
B
C
D

7/19/2019
8/6/2019
8/7/2019
8/20/2019

6
5
3
9

13.8
20.7
8.0
14.5

9.6
20.6
4.2
4.2

19
20
20
19

0.76–1.94
1.00–3.49
1.11–2.24
1.01–1.78

35.1 (III)d
12.0 (I)
27.8 (II)
8.4 (I)

52:54
75:82
81:57
70:37

15
14
13
14

a
b
c
d

Mean values were computed using recorded hourly rainfall data from two rainfall measuring sites (Batuwancun and Beibengfang).
Recorded maximum-rainfall intensity between two rainfall measuring sites.
Stormﬂow was deﬁned as starting when discharge increase more than 20% and was regarded to end when ﬂow fell below 20% increment level compared to the previous baseﬂow.
Antecedent soil moisture category.

concentrations through following storms with precedes (storms B
and C) or lags (storm D) in NH 4 -N peaks. TN concentrations increased with the increasing discharge during storms A, B, and C and

reached the peaks along with hydrograph peak or just prior. Nevertheless, TN concentrations were diluted during the rising limb of
storm D.

Fig. 2. Concentration dynamics of N components (a) and P components (b) during studied storm events.
5
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based ratios of maximum to minimum PP concentrations were 10.4,
8.8, 5.6, and 3.4 for storms A, B, C, and D, respectively, while those of
TDP were 1.85, 2.7, 2.1, and 1.69, indicating relatively broad PP concentration ﬂuctuations. Compared to PP and TDP, maximum to minimum
concentration ratios of TP were moderate (6.6, 5.7, 3.8, and 2.2 for
storms A, B, C, and D, respectively). On average, PP accounted for 86%
of TP load exports through four storms (Table 3). Storm B, which had
the highest rainfall intensity and rainfall amount, registered the largest
load deliveries of TP (263 kg) and PP (238 kg) and was followed by
storms A, C, and D (Table 3). However, the ratio of stormﬂow PP ﬂux
(i.e. PP load) to baseﬂow PP ﬂux was highest in storm A (10.1), followed
by storms B (8.0), C (4.5), and D (1.7), and the same descending order of
storms were reported with the TP ratios of stormﬂow ﬂux to baseﬂow
ﬂux (6.1, 5.6, 3.1, and 1.2 for storms A, B, C, and D, respectively). Both
TDP loads (18.11–25.41 Kg) and FWMCs (0.16–0.18 mg/L) had less variation among storm events compared to PP, and the mean stormﬂow
load ratio of TDP (39%) was much lower than that of PP (81%). Overall,
P has been exported predominantly as PP via storm runoff, while large
storms have delivered the highest P loads. Nevertheless, moderate
storm A has registered P dynamics (i.e. concentration, ﬂux, and composition behaviors) similar to storm B.

As shown in Fig. 2b, PP produced elevated concentrations in all four
storms and was the dominant P form, sharing >90% of TP around
hydrograph peaks of most storms. In storm A, the PP peak was simultaneous with the discharge peak, while it preceded the hydrograph peak
during storms B and C. Differently, PP had several relatively smaller
peaks in storm D, and the main peak (0.92 mg/L) lagged behind the
ﬁrst discharge peak. TDP was primarily ﬂushed in storms A and D
with short-lived dilutions, while in storms B and C, dilution of concentrations was prominent.
3.3. Changes in N/P concentrations, forms, and loads during storm events
The event-based ratios of maximum to minimum concentrations
were smaller and nearly stable for TN (1.25–1.47) and NO3-N
(1.31–1.47) over different storm events; albeit, those of NH4-N were
relatively greater and more variable between events (6.35, 11.27, 6.12,
and 7.42 for the events A, B, C, and D, respectively). NH4-N concentration fractions of TN were increased under stormﬂow conditions, and
the highest proportions were recorded during two successive events,
while NO3-N registered the opposite behavior (Table 2). Being the dominant N form, NO3-N accounted for 68–90% of TN load from four storms,
while NH4-N shared 3–10% of TN load. The largest storm B, registered
the highest TN and NO3-N load exports, followed by storms C, A, and
D (Table 2). Nevertheless, FWMCs and stormﬂow load ratios of NO3-N
were declined through event progress from storm A to D, while background ﬂow NO3-N concentrations were raised from 9.11 mg/L to
11.02 mg/L. NH4-N load exports showed greater ﬂuctuation among
storm events and were much in contrast to NO3-N and TN loads behavior patterns (Table 2). Increments in stormﬂow NH4-N load exports (i.e.
ﬂuxes) over baseﬂow NH4-N load exports (i.e. stormﬂow load/baseﬂow
load) were 3.7-fold, 8.0-fold, 4.3-fold, and 1.9-fold for storms A, B, C, and
D, respectively. Though the largest storm with the highest rainfall intensities registered the marked increase in NH4-N exports, the largest NH4N load (182.8 kg) and highest FWMC (1.31 mg/L) were registered by
storm C. Pre-event NH4-N concentration of storm C was 2.1 times as
storm B, indicating the occurrence of storm C through the unﬁnished
impact of storm B on NH4-N exports. Results imply the inﬂuence of
larger storms on nutrient exports of temporally closer successive events
and greater biogeochemical links between these events. In general,
stormﬂow ﬂuxes (66–89%) dominated the NH4-N exports, while
baseﬂow ﬂuxes had more control over NO3-N exports during storm
events.
Obvious changes in riverine P concentrations occurred in both P
form and between storm events (Fig. 2b and Table 3). The event-

3.4. Relationship between N/P and river ﬂow
Table S1 shows Kendall's correlation coefﬁcients of nutrient concentrations and discharge. Except TN, all other N and P components registered statistically signiﬁcant correlations (p < 0.05) with discharge in
storm A, B, and C. NO3-N had negative correlations with discharge following storm A, while TDP displayed signiﬁcant (p < 0.05) negative correlations during two successive storms. The strengths of the positive
correlations between discharge and TP, and PP, and NH4-N were decline
through storm progress from A to D. None of the N/P forms registered
statistically signiﬁcant correlations during storm D.
Different concentration responses during rising and falling limbs of
hydrograph between water quality parameters and between events
created contrasting hysteresis loop trajectories, including clockwise
(11/28), counter-clockwise (7/28), ﬁgure-of-8 (1/28), no hysteresis
(6/28), and complex hysteresis (3/28) patterns (Table 4 and Figs. S2S3-S4). NO3-N produced a counter-clockwise hysteresis in each storm
event, while TN and NH4-N had even and less consistent hysteresis patterns through four storms (Table 4). In storm D, all N components produced a counter-clockwise hysteresis pattern; however, NO3-N had the
highest correlation with TN (r = 0.82) along with the highest concentration fractions (80–94%), indicating predominant control of NO3-N

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

Event

TN

NO3-N

NH4-N

NH4-N/TN

NO3-N/TN

Pre-event concentration (mg/L)

A
B
C
D
A
B
C
D
A
B
C
D
A
B
C
D
A
B
C
D

9.98
11.36
12.10
11.95
9.93–14.62
11.31–14.68
11.70–14.70
9.11–12.01
11.70
13.26
12.71
10.86
1249.92
2094.123
1765.365
1170.83
58%
59%
44%
28%

9.11
10.59
10.23
11.02
8.70–11.45
8.09–10.99
7.12–10.46
8.28–11.28
10.05
9.79
8.61
9.70
1074.18
1545.84
1195.44
1046.54
55%
48%
30%
26%

0.16
0.20
0.42
0.24
0.14–0.89
0.18–2.03
0.39–2.39
0.19–1.41
0.39
0.89
1.31
0.46
41.17
141.15
182.82
49.96
79%
89%
81%
66%

2%
2%
3%
2%
1–6%
2–14%
3–16%
2–13%
3%
7%
10%
4%
3%
7%
10%
4%
–
–
–
–

91%
93%
84%
92%
78–92%
58–94%
52–85%
80–94%
86%
74%
68%
90%
86%
74%
68%
90%
–
–
–
–

Storm concentration range (mg/L)

FWMC (mg/L)

Total load (Kg)

Stormﬂow load ratio
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TDP hysteresis was inconsistent between events and compared with
other P species (Table 4). Further, the TDP hysteresis pattern in
storm A was 8-shaped, where a counter-clockwise loop during the
early storm converted into a clockwise loop during the latter storm.
Largest HIm (0.295) and loop size (0.833 mg/L) of PP were recorded
during the largest event while those of TDP were registered during
storm D. Averaged HIm of TDP over four storms were closer to zero
due to the presence of both clockwise and counter-clockwise behaviors, while PP had larger values for averaged HIm (0.124) and loop
size (0.291 mg/L), denoting authority of clockwise hysteretic behavior. However, both TDP and PP recorded similar ranges in limb separation over four storms (PP- HI m range, 0.333; TDP- HI m range,
0.332), implying similar ﬂuctuations in hysteretic behavior through
storms.

Table 3
Summary of phosphorous concentrations and loads of four storm events and background
ﬂow phosphorous concentrations.
Feature

Event TP

PP

TDP

PP/TP

Pre-event concentration
(mg/L)

A
B
C
D
A
B
C
D
A
B
C
D
A
B
C
D
A
B
C
D

0.28
0.35
0.35
0.30
0.24–2.50
0.30–2.64
0.36–2.02
0.27–0.92
1.52
1.50
1.18
0.52
162.66
237.59
163.68
56.56
91%
89%
82%
63%

0.18
0.18
0.20
0.17
0.14–0.26
0.09–0.25
0.10–0.21
0.13–0.22
0.18
0.16
0.16
0.17
19.04
25.41
22.18
18.11
49%
46%
26%
34%

60%
66%
64%
64%
58–92%
60–96%
64–95%
56–87%
90%
90%
88%
76%
90%
90%
88%
76%
–
–
–
–

Storm concentration range
(mg/L)

FWMC (mg/L)

Total load (Kg)

Stormﬂow load ratio

0.46
0.53
0.55
0.47
0.41–2.71
0.48–2.75
0.56–2.14
0.49–1.06
1.70
1.67
1.34
0.69
181.70
262.99
185.85
74.67
86%
85%
76%
56%

4. Discussion
4.1. Storm effects on N/P concentrations, ﬂuxes, and compositions
N and P concentration, ﬂux, and composition dynamics were studied
in four storm events, including one small storm, two moderate storms,
and one large storm, during the 2019 rainy season of the semi-arid watershed. Different rainfall events and associated hydrological conditions
resulted in contrasting nutrient behavior responses between events and
between N/P components (Fig. 2 and Tables 2–3). TN (9.11–14.70 mg/L)
and TP (0.41–2.75 mg/L) concentrations reported during stormﬂow periods were beyond the accepted limits (Level III), according to the
Chinese Environmental Quality Standard for Surface Water (GB 3838),
and even exceeded the Level V standards (TN - 2 mg/L, TP - 0.40 mg)
by large margins. Signiﬁcant increases in PP, TP, and NH4-N concentrations were reported in all the storms and stormﬂow ﬂuxes exported
6-fold, 4-fold, and 4-fold greater PP, TP, and NH4-N amounts compared
to baseﬂow ﬂuxes. TN was ﬂushed in most storms, while dilution of concentrations was the prominent trend associated with NO3-N. Compared
to other nutrients, TDP displayed more complex concentration responses with variations in hydrological conditions.
N was primarily exported in the form of NO3-N during both preevent baseﬂow (>90%) and stormﬂow periods (~79%). Nevertheless,
signiﬁcant increases in other N fractions (up to 32%) and changes in N
composition were recorded during the large storm (B) and subsequent
small storm (C). TN and NO3-N registered the highest load exports during the large storm; however, concentration ﬂuctuations were not varied signiﬁcantly between different storm events, indicating relatively
limited inﬂuences of storm size variations on TN and NO3-N dynamics.
Moreover, there were some visible patterns in NO3-N mean and preevent concentrations over storm sequence, indicating inﬂuences of
other processes (see Section 4.2) on temporal NO3-N dynamics. Storm
B and C were closely linked on NH4-N exports, and these two events
alone exported 78% of the total NH4-N load of four storms, and storm
C registered the largest total load fractions (44%). The reasons for such
a signiﬁcant release of NH4-N during these two successive events and
following the large rainfall are not as direct for the discussion. One possibility is the presence of NH4-N accumulated landmasses that connect
with river ﬂow via surface runoff only when topsoil is saturated with
water. A similar hypothesis has been made by Inamdar et al. (2004) to
explain delayed delivery of dissolved organic carbon during storm
events from experimentally identiﬁed proximal sources. Macrae et al.
(2010) also reported an increase in nutrient export during successive
events when the basin was on an overall wetting trend. Moreover,
Blaen et al. (2017) attributed disproportional nutrient exports between
storm events to the different source zone activation through interactive
effects of intense rainfall and high antecedent soil moisture. Our results
also hold consistency with their ﬁndings, whereas both higher rainfall
intensities (in storm B) and higher antecedent soil moisture conditions
(in storm C) promoted the stormﬂow ﬂuxes of NH4-N. Episodic release
of NH4-N highlights the need for continuous close monitoring of storm

on TN hysteresis (Table 4). Differently, in storms B and C, NO3-N had
negative correlations with TN (r = −0.56, r = −0.34), while remaining
N components registered relatively greater concentration fractions of
TN (Table 2), indicating signiﬁcant control of other N components on
TN hysteresis. The largest HIm and loop size of NH4-N were recorded
during storm B, albeit those of NO3-N were not associated with the largest event, and the limb separation magnitudes were declined through
event progress from storm A to D (Table 4). Averaged HIm, loop size
and HIm range of NO3-N through four storms were −0.183, −0.543
mg/L, and 0.114, respectively, while NH4-N recorded greater values for
averaged HIm (0.106), loop size (0.323 mg/L), and for HIm range
(0.417), indicating the dominance of clockwise hysteresis pattern and
greater variations in limb separation over different storms.
PP registered the predominant control over TP hysteresis, and both
recorded the same, less persistent hysteresis through storms, while
Table 4
Hysteretic behaviors of water quality parameters over four storm events.
Item

Storm event

HIm

Hysteresis pattern

Loop size (mg/L)

TN

A
B
C
D
A
B
C
D
A
B
C
D
A
B
C
D
A
B
C
D
A
B
C
D
A
B
C
D

0.015
0.182
0.162
−0.228
−0.241
−0.210
−0.156
−0.127
0.028
0.301
0.212
−0.116
0.034
0.288
0.211
−0.019
0.029
0.295
0.210
−0.038
0.080
−0.163
−0.066
0.169
0.034
0.208
0.206
−0.049

No hysteresis
Clockwise
Clockwise
Counter-clockwise
Counter-clockwise
Counter-clockwise
Counter-clockwise
Counter-clockwise
No hysteresis
Clockwise
Clockwise
Counter-clockwise
No hysteresis
Clockwise
Clockwise
Complex
No hysteresis
Clockwise
Clockwise
Complex
Figure-of-8
Counter-clockwise
No hysteresis
Clockwise
No hysteresis
Clockwise
Clockwise
Complex

0.069
0.619
0.485
−0.660
−0.662
−0.611
−0.522
−0.380
0.031
0.788
0.618
−0.142
0.079
0.796
0.272
−0.012
0.067
0.833
0.287
−0.025
0.009
−0.027
−0.007
0.014
34.675
359.660
300.447
−11.309

NO3-N

NH4-N

TP

PP

TDP

TSS
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events to characterize behaviors of NH4-N sources and even for the evaluations of future mitigation approaches.
PP fractions increased markedly (up to 90%) during stormﬂow
periods relative to pre-event conditions (~63%). Previous studies also
have reported predominant exports of particle-bound P during
stormﬂow conditions (Bender et al., 2018; Bowes et al., 2003;
Rodríguez-Blanco et al., 2009). Moreover, our results hold consistency
with Bao et al.'s (2018) ﬁndings, in which they studied annual P load retention within the series of rubber dams in Qingshuihe River at Zhangjiakou City region, and found the largest P retention as PP (82%) and
during the rainy season. The large storm shared 37% of total P exports.
Nonetheless, moderate storm A displayed P concentration, composition,
and ﬂux behaviors similar to large storm B and exported 2-fold greater P
load compared to moderate storm D, indicating inﬂuences of other factors such as P/TSS source availability and export trends on P dynamics
(see Section 4.2). TDP registered the most dynamic concentration responses compared to other P/N components, albeit concentration ﬂuctuations and loads were more consistent over storm sequence,
indicating multi-factorial interdependencies and overall scaling down
of signiﬁcance in individual factor inﬂuences on TDP exports.
To sum up, storm events and associated hydrological conditions
have exported signiﬁcant amounts of N/P nutrients out of the semiarid watershed. In general, large storm events (> 20 mm) had caused
the largest N/P exports; however, there were other controls on N/P dynamics during storm events of the rainy season that complicate/override the inﬂuences of different storms magnitudes.
4.2. Inﬂuencing factors and transmission pathways of N/P
Nutrient export via storm runoff has been complicated by different
associated sources, dominant transmission pathways, rainfall-related
characteristics, and temporal changes of the above aspects. To unleash
the complex, PCAs were performed to identify rainfall, discharge, and
antecedent soil moisture inﬂuences on N and P dynamics in storms
(Fig. 3). The ﬁrst and second principal components (i.e. PC1 and PC2)
explained most of the variation (N - 78%, P – 93.3%) within the datasets.
All N variables had higher correlations with hydrological characteristics
(discharge mean, stormﬂow duration, and discharge ﬂuctuation range)
except NO3-N mean concentration (Fig. 3a). Apart from average rainfall
intensity, the remaining rainfall characteristics (rainfall amount, duration, maximum rainfall intensity, cumulative rainfall in the season)
and antecedent soil moisture had no strong correlations with N dynamics over four storms. P loads and mean concentrations (excluding TDP
mean concentrations) had strong correlations with rainfall intensities
(maximum and average) other than discharge characteristics, indicating inﬂuences of intensive rainfall on soil erosions and subsequent P exports (Fig. 3b).
NO3-N is a highly mobile and generally well-distributed nutrient
over soil matrix and groundwater. Counter-clockwise hysteresis was
observed for NO3-N in each storm, with higher concentrations in the recession limb of the hydrograph compared to the rising limb, implying
subsurface ﬂow as the dominant NO3-N delivery path during storms.
Other authors also have reported shallow groundwater as the primary
source of NO3-N in watersheds with different land use dominance, including agriculture (Bowes et al., 2015; Macrae et al., 2010). Further,
limb separation magnitudes (i.e. loop sizes) of NO3-N were declined
through events progress in the rainy season, and FWMCs of NO3-N
were largely becoming lower compared to initial concentrations following storm A. However, Williams et al. (2018) reported an opposite
trend, where an increment in NO3-N loop sizes through storms sequence in several nested agricultural watersheds of Midwestern U.S.
The main reason was that those watersheds had consisted of extensive
artiﬁcial drainage networks. In Qingshuihe catchment, agricultural Nfertilizer applications are often conducted during spring and early summer, focusing on vegetative growth periods of crops. Higher background
ﬂow NO3-N concentrations (>9 mg/L) and its increasing trend over

Fig. 3. 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; D-M, D-R, and SF-D are discharge mean, discharge range, and
stormﬂow duration, respectively; RF-A, RF-D, RF-AI, RF-MI, RF-C, and API are rainfall
amount, duration, average intensity, maximum intensity, cumulative rainfall, 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. FWMC).

storm sequence (21% increase in concentration at storm D compared
to storm A) signiﬁes the long term and short term (i.e. during the
rainy season) signiﬁcance of NO3-N mobilization from soil to shallower
groundwater. Over the summer rainy season, this mobilization process,
along with frequent ﬂushing of NO3-N, could reshape the NO3-N availability in different surface and subsurface nutrient pools (soil water
and groundwater), which mimics a gradual shift from transport limitation to source limitation for NO3-N exports through storms sequence.
NH4-N registered several hysteresis responses with the dominance
of clockwise hysteresis, implying rapid delivery of NH4-N via surface
runoff from over-land sources as the primary NH4-N export mechanism.
Nevertheless, the hysteresis pattern also may indicate the distance of
potential sources to the discharge point. Anticlockwise hysteresis observed in storm D could be due to slowly mobilizing NH4-N sources or
distant sources to the monitoring point. Compared to NO3-N, NH4-N
registered more dynamic hysteresis behavior between storms. Further,
8
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ﬁner particles have a greater capacity to frequent and long-distance
transportation via surface runoff and streamﬂow compared to coarser
particles (Kerr et al., 2011; Quinton et al., 2001); and lower magnitude
events could deliver sediments with higher P concentration compared
to larger storms due to lower magnitude events associated relatively
greater signiﬁcance in selective erosion of P-rich ﬁne particles (P-FP)
(Quinton et al., 2001). Apart from the occurrence of storm An under
higher P availability in agricultural lands, it also had lower peak discharge compared to storms B and C, where preferential erosion of PFP is permissible.
Storm B and C showed clockwise hysteresis for PP, indicating rapid
delivery of P-FP in the rising hydrograph limb through overland soil erosions (Bowes et al., 2003; Williams et al., 2018). However, within
events, TSS and PP relationship analyses suggested that mobilization
of channel sediment reserves is also an important path of P-FP delivery.
There was a characteristic behavior in storm B (large event), where a
concentration of PP in the rising sedigraph limb compared to the falling
limb (Fig. 4b), implying differences in suspended sediment origin/physiochemical properties over different storm phases. Other studies also
have reported between events (Quinton et al., 2001) and within event
differences in particle-associated P enrichments (Chen et al., 2015).
The large pulse of P-FP in the rising sedigraph limb could have largely
delivered from channel sources and mobilized through relatively strong
water currents during the early storm. Lengthy rivers in larger watersheds create more depositional areas where sediments could settle,
particularly during low-ﬂow periods and dry periods (Evans and
Johnes, 2004; Wilson et al., 2014); and eventually, those sediment deposits are remobilized during stormﬂow and high-ﬂow conditions
(Ballantine et al., 2006; Davide et al., 2003). The decline of PP concentration during the falling sedigraph limb could be primarily due to the
transportation of more coarse particles via the fast-moving water column (Chen et al., 2015). Moreover, sediment delivery via soil erosions
in distant non-agricultural lands has been more signiﬁcant during the
latter runoff of large storms (Ballantine et al., 2008; Walling et al., 2001).
In comparison to PP, TDP had a more dynamic response to discharge
ﬂuctuations with inconsistent hysteresis responses. In storm A, TDP had
ﬁgure-of-8 hysteresis where counter-clockwise loop during early storm
converted into a clockwise loop during the latter storm, indicating two
different sources that deliver nutrients at different times. The increase
in concentrations at the rising limb could be due to TDP ﬂushing
from the over-land sources via surface runoff, while elevated concentrations at latter discharges indicate subsurface ﬂow delivery of TDP

the largest HIm and loop size of NH4-N recorded during the large storm,
implying that higher discharge ﬂuctuations, particularly after dry antecedent conditions, could create wider loops with an intense nutrient release in the rising limb. TN hysteresis behaviors during storms were
closely related to different N components in different storms indicating
complex control over stormﬂow N behaviors and greater challenges associated with N export control from the watershed. Moreover, N components which were not studied in the current study had shared
about 20% of TN during storm B and C. Thus, further investigations on
particulate-N, dissolved organic-N, and nitrite-N are necessary for the
complete understanding of N dynamics during storm events.
P was primarily exported as particle-bound. Therefore, we analyzed
the hysteretic behaviors of TSS and the relationship between TSS and PP
during storms A, B, C, and D (Fig. 4, Table 4, and Table S3). In storm A, PP
had similar strong correlations with both discharge and TSS with no
hysteresis effect, indicating close control of PP export by both hydrological and erosion processes and plentiful PP availability (Williams, 1989).
This combination of relationships also implies a close linkage between
overland and riverine regimes on PP exports. Agricultural lands proximal to the river network could be strongly linked with riverine P exports via drainage networks, rills, and gullies. There was a marked
decline in the amount of PP exported for a unit of suspended sediment
exported during storms B and C compared to storm A (Fig. 4a). This limited transport of PP through erosion processes over the storm progress
might be caused by the attrition of land-based P sources. Compared to
other storms, moderate storm D exported much lower P amounts
with the lowest mean concentrations and complex hysteresis response.
And these P responses are primarily explained by TSS behavior trends
through storms sequence (Fig. S5 and Table S4). The associated lowest
discharge peaks partly explain the weak TSS dynamics in storm D. However, compared to storm A (which was also a moderate storm with a
lower discharge peak), storm D delivered approximately 3 times
lower TSS load, indicating a signiﬁcant drop in exports at the end of
the monitored period. This was mainly attributed to the attrition of
channel sediment reserves due to frequent ﬂushing throughout the
rainy season (Duvert et al., 2010; Hudson, 2003). Much lower background TSS concentrations of storm D further suggest lower sediment
supply potentials of channel sources. Any temporal or spatial change
in source availability/hydrological connectivity directly impacts sediment exports (Sherriff et al., 2016). Nevertheless, PP-TSS relationships
may also be inﬂuenced by a process called selective erosion of ﬁne particles, which is documented in the literature. Through selective erosion,

Fig. 4. TSS and PP linear relationships during storms A, B, C, and D (a); and loop trajectories of normalized PP against normalized TSS during storm B (b) (mean hysteresis index = 0.088,
actual loop size = 0.249 mg/L).
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(Rodríguez-Blanco et al., 2009). Storm B recorded counter-clockwise
hysteresis implying subsurface ﬂow TDP contributions, and storm C
had no hysteresis. Similarly, Lloyd et al. (2016b) reported small limb
separation when storms appeared temporally close together, and it
was attributed to the occurrence of a successive event before the complete recovery of nutrient concentrations of the previous event. Storm
D had clockwise hysteresis indicating TDP delivery via surface runoff
or due to mobilization of P-FP from river bed sediments. Compared to
other studied nutrients, TDP concentration and hysteresis responses
were more complicated and less predictable, indicating complex control
on TDP exports through the land-freshwater continuum. Such diverse
TDP responses with multiple sources and delivery mechanisms have
been reported by other authors (Chow et al., 2017; Rodríguez-Blanco
et al., 2009). Moreover, studies have demonstrated the importance of
within channel P species interchange between ﬂuvial and sediment
components (i.e. adsorption and desorption) on dissolved phosphorus
delivery (Bowes et al., 2003; Evans et al., 2004; Evans and Johnes,
2004). The shift in TDP ﬂushing response in storm A to dilution during
storms B and C also suggested a decline in nutrient availability and contributions from agricultural lands.
Overall, erosion and sediment mobilization processes had greater
control on P exports, and both TSS and PP registered similar hysteresis
behaviors with clockwise dominance, indicating erosion contributions
through surface runoff, particularly from the regions closer to the river
network. However, both overland and riverine regimes were closely
linked together on PP exports (due to less riparian protection and agricultural activities), and mobilization of channel sediment reserves was
also an important way of PP delivery during storms. In addition, TSS/
PP source availability and inter- and intra-storm export trends affected
the P behaviors over storm events of the rainy season.
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5. Conclusions
In this study, we closely monitored four different storm events that
occurred during the 2019 rainy season of the semi-arid catchment in
Northern China. N/P concentration, load, and composition behavior responses to different storm events were initially evaluated compared to
pre-event baseﬂow conditions. Followed by hysteresis analysis provided useful insights into the pollutant sources and associated transport
pathways. The results disclosed a strong connection between riverine
N/P dynamics and hydrological processes. Nutrient concentrations,
loads, and compositions were different between different storm events
and between N/P components. In general, the largest storm registered
broad ﬂuctuations in nutrients behaviors. Most pollutants (PP, TP,
NH4-N, and TN) were primarily ﬂushed over stormﬂow periods, while
PP (6-fold increase) and NH4-N (4-fold increase) were the most sensitive nutrients to storms. N and P were mainly exported in the forms of
PP (86%) and NO3-N (79%), respectively. PP and NH4-N exhibited dominance in clockwise hysteresis, indicating rapid delivery via surface runoff from over-land sources as the primary export mechanism. However,
channel sediment reserves were also important sources of P delivery
during storms. Based on evidences, groundwater was identiﬁed as the
main NO3-N source in the watershed. NO3-N consistently registered
counter-clockwise hysteresis, indicating subsurface ﬂow as the main
transport path during storms. Similar to NO3-N, the subsurface ﬂow
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