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Abstract

The control of diffuse pollution requires information on the transport processes of those pollutants with-

in a catchment. The characteristics of diffuse nitrogen and phosphorus discharged from a typical rural-agri-

cultural catchment dominated by residential areas, sloping cropland, and forest land were monitored in the

hilly area of the upper Yangtze River, China, and analyzed based on a total of eight rainfall-event runoff from

August 2010 to September 2011. The results showed that the average of event mean concentrations (EMCs)
of TN, DN, PN, TP, DP, and PP were 4.94, 3.18, 1.76, 1.11, 0.19, and 0.92 mg/L, respectively. The high EMCs
demonstrated diffuse pollution of rural-agricultural catchment posing great pressure on receiving water. The

first flush phenomenon for nitrogen and phosphorus was identified in rural-agricultural catchment, especially
for the medium and heavy rainfall events, and a total of 36%, 44%, 46%, and 51% of the mass for TN, PN,
TP, and PP, respectively, were discharged in the first 25% of the runoff. The first flush phenomenon suggest-

ed more attention should be paid on the management of the initial part of runoff in order to improve the effi-

ciency of diffuse pollution control at catchment scale.
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Introduction

Diffuse pollution resulting from rainfall event runoff
has been identified as one of the major causes of the deteri-
oration of receiving waters [1]. However, diffuse pollution
management was confined because it was difficult to
understand the transport processes due to the high com-
plexity of N and P cycles [2]. Therefore, in order to improve
the effects of best management practices (BMPs) with low-
est cost, the problems about how the pollutants are deliv-
ered and when the transport of pollutants are most intensive
need to be understood deeply.

*e-mail: xiaolin4577@163.com
**e-mail: zhyongling@126.com (Corresponding Author)

To gain such understanding with respect to pollutant
loading during rainfall events, the first flush of contami-
nants as an important practical phenomenon has been iden-
tified in previous urban runoff studies [3, 4], which sug-
gested that a greater fraction of pollutant loading was con-
tained in the initial part of the runoff volume. In practice, if
a large portion of pollutant mass was delivered by the first
portion of runoff, effective BMPs could be selected to treat
the initial part of runoff (minimizing the amount of water,
which has to be stored or diverted, and maximizing the
mass of nutrients and pollutants not entering the down-
stream water body). Therefore, characterizing first flush
phenomenon provides an important scientific basis for
runoff manager to optimize treatment strategies [5].
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The first flush phenomenon is frequently observed in
the runoff of small, highly impervious areas, such as high-
ways and parking lots [1, 3, 4]. However, relatively rare
detailed research has been performed for rural-agricultural
catchment with complex characteristics of both impervious
and pervious land surfaces. Due to rapid development in
rural areas and ecological migration as a result of the con-
struction of the Three Gorges Reservoir (TGR), the rural-
agricultural catchment has become an important catchment
type in the hilly area of the upper Yangtze River, China. The
diffuse pollution of rural-agricultural catchment posed a
great pressure on the water quality of the TGR and the
Yangtze River [6]. Therefore, understanding the delivery of
pollutants during rainfall events and clarifying whether first
flush phenomenon has occurred in rural-agricultural catch-
ment are essential for water management of the Yangtze
River.

The diffused pollution in rural-agricultural catchment
was influenced by highly impervious and pervious land
use. Therefore, we especially expect that a typical first flush
phenomenon exists in these regions as in highly impervious
areas that the most effective BMPs can be selected with the
assistance of the knowledge of first flush achieving the
objectives of minimizing the amount of water which has to
be treated and maximizing the mass of nutrients or pollu-
tants that do not enter the receiving water. Therefore, the
primary objectives of this study are framed based on a fun-
damental question: when the transport of pollutants is most
intensive during a rainfall event. The specific objectives of
this work are as follows:

(1) Analyzing the relationship between the N, P transport
and rainfall event.

(2) Whether the First flush of pollutants occurred.

(3) Determining the strength of first flush in rural-agricul-
tural catchment.

Methodologies
Study Site Description

The water quality of the Yangtze River is greatly influ-
enced by the nutrients discharged from the catchments of
the upper Yangtze River, China [7]. This study was con-
ducted in a typical rural-agricultural catchment (Jieliuyan
catchment) located in the hilly area of the upper Yangtze
River (105°27'E, 31°16'N), China (Fig. 1). The study site
has a moderate subtropical monsoon climate. During 1981-
2008, the area had an annual mean temperature of 17.3°C
and a mean precipitation of 826 mm. During the same peri-
od, 5.9%, 65.5%, 19.7%, and 8.9% of the annual precipita-
tion occurred in the spring (March to May), summer (June
to August), autumn (September to November), and winter
(December to February), respectively.

The Jicliuyan catchment (JC) has a drainage area of
0.35 km? and elevation between 400 and 600 m. The catch-
ment consists of five main types of land use: sloping crop-
land (42.0%), forestlands (36.0%), paddy fields (12.0%),
and residential areas (3.5%), and road (6.5%) (Fig. 2).

The impervious land surface accounts for about 10.0% of
total area of JC. Rice is planted in the lower parts of the val-
leys from May to September, with synthetic fertilizers
applied at rates of 150 kg N/ha, 90 kg P,Os/ha, and 36 kg
K,0O/ha. The rice crop is then rotated with rapeseed
(Brassica campestris L.) from October to May, with syn-
thetic fertilizers applied at rates of 130 kg N/ha, 60 kg
P,04/ha, and 36 kg K,O/ha. The sloping croplands in the
upper parts of the catchment are planted conventionally
with winter wheat (7riticum aestivum L.) with synthetic fer-
tilizers applied at rates of 130 kg N/ha, 90 kg P,0s/ha, and
36 kg K,O/ha in late October to May of the following year
and then rotated with corn (Zea mays L.), with synthetic
fertilizers applied at rates of 150 kg N/ha, 90 kg P,Os/ha,
and 36 kg K,O/ha from May to September.

Sampling Strategy

A total of 8 rainfall events were investigated at the moni-
toring station from August 2010 to September 2011 (Table 1).
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Fig. 1. Location of the study area in the hilly area of the Yangtze
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Fig. 2. The sketch of studied catchment-Jieliuyan catchment
and the location of monitoring station.



Investigation of First Flushes... 383
Table 1. Basic statistical characteristic of studied events in JC catchment.

Events Pre((:mnon Max. raznmfiilgltensny Total ﬂ(()x;/olume A(]j;;/)P Rainfall type
2010-07-15 60.4 324 7025.7 1 Heavy
2010-08-14 6.5 5.2 554.23 14 Small
2010-08-20 15.8 10.8 2,094.966 2 Medium
2010-09-05 20.4 4.4 738.97 10 Medium
2011-05-29 14.4 3.9 1,178.2 7 Medium
2011-06-21 79.7 24.6 7,043.3 4 Heavy
2011-06-26 20.2 5.2 2,695.9 3 Medium
2011-09-07 325 8.4 2,303.9 13 Heavy

ADWP — antecedent dry weather period

Rainfall was monitored continuously using tipping bucket
rain gauges (manufactured by Teledyne ISCO, Inc., USA)
which were installed on the roof of the monitoring station.
The runoff discharges were measured using V-notch weir
installed at outlet, the automated water level recorders were
set to read the real-time water levels. The water samples
were collected with automatic samplers (ISCO 6712, man-
ufactured by Teledyne ISCO, Inc., USA) which were trig-
gered when the rainfall intensity was above 1 mm/h.
Discrete samples were collected every 15 minutes during
the first 3 hours of each event and every hour subsequently.

All samples were taken to the laboratory immediately
and divided, preserved in a refrigerator with 4°C and ana-
lyzed within 24 hours. One portion of each sample was fil-
tered through 0.45 pum membrane filters and digested with
K,S,0; solution for determination of dissolved nitrogen
(DN) and dissolved phosphorus (DP). The unfiltered sam-
ples were digested with K,S,0; solution and analyzed for
total nitrogen (TN) and total phosphorus (TP) following
standard analytical methods [8]. The differences between
the TN and TP and their respective dissolved forms were
considered to be the particulate forms of N (PN) and P (PP)
(e.g., PN=TN —DN and PP=TP — DP) [9].

Data Analysis

Event Mean Concentration

The use of an event mean concentration (EMC) is
appropriate for evaluating the effects of rainfall runoff on
receiving waters [1]. The event mean concentration (EMC)
represents a flow-weighted average concentration comput-
ed as total pollution mass divided by the total runoff vol-
ume for an event of duration [10].

v E/mmmw
EMC=—=""
[ owai

..where M is the total mass of variables over the entire
event duration (g) and V'is the total volume of flow over the
entire event duration (m?).

First Flush Quantification

M)

One common method [3, 11] used to describe the
hydrochemical changes over hydrograph is M(V) curve,
which was created by plotting normalized cumulative load
(NCL) against normalized cumulative flow (NCF) as
depicted in Fig. 3. The normalized cumulative load and the
normalized cumulative flow can be calculated from the fol-
lowing equations:

[, coowa
[ coomar

O@)dt
and NCF=-2

[, owar

NCL=

...where C(7) is the nutrient concentration at time ¢. O(?) is
the flow rate of the water; and #, and ¢, are the beginning and
the end of the discharge processes, respectively.
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Fig. 3. The definition of M(V) curve (A 1:1 line suggests that
the pollutant mass and water volumes are proportional over the
event. If the curve falls above the 1:1 line, a greater proportion
of the load is concentrated in the initial part of the runoff vol-
ume. Conversely, a curve below the 1:1 line indicates that the
nutrient loads arrive toward the end of the event.)
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FF,5

The parameter FF,5 represents the percentage of total
mass delivered in the first 25% of runoff and was used fre-
quently to identify the significance of a first flush [10]. For
example, if the FF,; is equal to 0.50, this means that 50% of
this pollutant is transported in the first 25% of the runoff,
significant “first flush” is identified.

Results and Discussion
Hydrological Processes

A total of eight rain events were investigated at the
monitoring site. The basic rainfall characteristics are pre-
sented in Table 1. The rainfall for each event ranged from
6.5 to 79.7 mm, and the maximal rainfall intensity for each
event ranged from 3.9 to 32.4 mm/h. Statistical analysis
showed that precipitation was significantly correlated with
runoff discharges (Yyour = 974X recipiation— 88.1, n=8;
R*=0.89). In this study, the events on 2010-8-14, 2010-8-
20, and 2011-9-7 represent small (6.5 mm), medium (15.8
mm), and heavy rainfall (32.5 mm) events, respectively,
and were selected as representative examples in the descrip-
tion of the hydrological and hydro-chemical process below.

Fig. 4 presents the hydrological process of the three
types of rainfall events in the catchment. The delayed
runoff generation was observed at the outlets, and the peak
discharge occurred approximately one hour after the peak
rainfall. Meanwhile, the runoff events had slow flow reces-
sions and smoothly discharged peaks. The hydrological
response processes were deeply different with the results
observed in the area dominated by impervious land surface
in which the runoff was generally observed immediately
when the measurable rain began, and the flow velocities
corresponded closely to rainfall intensity. The runoff falling
limbs were very short, and the flow velocity decreased
immediately when the rain stopped [6, 12].

The differences of hydrological processes seem to be
related to the characteristics of land surface. In the previous
studies [6, 12], as a result of the higher percentage of imper-
vious area, the surface runoff generated almost immediate-
ly at the beginning of the rainfall events, and reached the
monitoring site in a short time. In contrast, due to the
canopy modifications the amount and intensity of rainfall
that reach the soil surface [13] and the surface soil proper-
ties regulating the hydrological flow paths [14], the subsur-
face runoff generally contributes a substantial fraction of
runoff monitored in the catchment with high-permeability
soil and a high percentage of vegetation coverage.
Therefore, the delayed runoff generation and slower flow
recession were observed at the outlet of JC due to the high
percentage of the pervious area [15].

N, P Concentrations
during Rainfall Events

Temporal Variation of N, P Concentrations
at Single Events

At present study, the concentration of TN, DN, and PN
ranged from 1.3 to 12.6 mg/L, 0.9 to 6.0 mg/L, 0.2 to 10.1
mg/L, respectively, for three typical rainfall events (Fig.
Sa). During the small rainfall event on 2010-8-14, a small-
er variation of nitrogen concentration was observed, the
concentration of TN ranged from 1.5 to 2.8 mg/L, and DN
was the dominant form of N at the total duration of the
event, which ranged from 1.3 to 2.0 mg/L. However, dur-
ing the medium and heavy rainfall events of 2010-8-20 and
2011-9-7, great variations of nitrogen concentration were
observed, and PN was the dominant form of N at the early
stage of the rainfall events, followed by DN as the domi-
nant form at the subsequent stage. The concentrations of
TN and PN were very high in the early stage of the rainfall
events, especially for the first 3 hours of events duration,
followed by a rapid decrease. In contrast, the concentrations
of DN showed a relatively slight change throughout the
course of the rainfall events.
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Fig. 4. Hydrological process of the rainfall events on 2010-8-14, 2010-8-20, and 2011-9-7 for JC. (JC represents Jieliuyan catchment).
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For three typical rainfall events, the concentrations of
TP, DP, and PP ranged from 0.1 to 6.3 mg/L, 0.02 to 0.9
mg/L, and 0.1 to 5.9 mg/L, respectively, and obvious peak
concentrations were observed for TP and PP in the initial
period of the rainfall events. For example, the peak con-
centrations of TP were 0.4, 1.3, and 6.3 mg/L for events of
2010-8-14, 2010-8-20, and 2011-9-7, respectively, and
identified in the first 3 hours of the duration of events.
Conversely, the DP concentration showed slight changes
during a single rain event for the three typical events (Fig.
5b).

The result of this study indicated that transport process
of nitrogen and phosphorus vary considerably from event to
event, and in general rainfall size seems to be the most

important factor influencing the transport process, and the
significant preceding increase in nutrient concentrations
and peak distribution of loads in the initial period of an
event within the investigated catchment occurred in medi-
um and heavy events (Figs. 5a and b). Such a phenomenon
was also observed elsewhere [9, 16].

The preceding increase of the nutrient concentration
was generally observed in the storm runoff from urban area,
park, and so on, which was dominated by a high percentage
of impervious area [1, 6]. In this study, such preceding
increases also were observed for the rural-agricultural
catchment in the hilly area of the upper Yangtze River. The
phenomenon that the preceding increase in the nutrient con-
centrations and peak distribution of loads in the initial peri-
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Fig. 5. Pollutogragphs of rainfall events at 2010-08-14, 2010-08-20, and 2011-09-07 for Jieliuyan Catchment (a — nitrogen; b — phos-

phorus).
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Table 2. Variations of EMCs in nitrogen and phosphorus for eight rainfall events in rural-agricultural catchment for different rainfall types.

Concentration(mg/L)
Rainfall type
N DN PN TP DP PP
Small events (N=1) 233 1.63 0.71 0.51 0.12 0.38
Medium events (N=4) 4.43+1.64 2.91+1.01 1.52+0.65 0.84+0.29 0.18+0.07 0.67+0.28
Heavy events (N=3) 6.48+0.97 4.06+0.31 2.42+0.79 1.67+0.74 0.22+0.08 1.45+0.67
Mean (N=8) 4.94+1.88 3.18+1.08 1.76+0.85 1.11£0.65 0.19+0.60 0.92+0.60

od of an event was called “first flush” was proposed by
Vorreiter and Hickey [17] first, which provided important
information for defining the crucial time at which the nutri-
ents are transported [3-5]. In this study, a significantly con-
centrated transport regime was found for TN, TP, PN, AN,
and PP in the typical rural-agricultural catchment, especial-
ly in medium and heavy events. Therefore, the diffuse pol-
lution in rural-agricultural catchment can be reduced dra-
matically by implementing infiltration or sedimentation
measures to remove a greater fraction of the pollution load
in the initial part of the runoff.

Event Mean Concentration

In our investigation the average of EMCs of TN, DN,
PN, TP, DP, and PP during the 8 rainfall events were
4.94+1.88 mg/L, 3.18+1.08 mg/L, 1.76+0.85 mg/L,
1.11£0.65 mg/L, 0.19+£0.60 mg/L, and 0.92+0.60 mg/L,
respectively (Table 2). The values of EMC for nitrogen and
phosphorus also vary from event to event, and in generally
rainfall size. For example, in the present study, the EMCs of
TN and TP are 2.33 mg/L, 0.51 mg/L for a small rainfall
event, and 4.43 mg/L, 0.84 mg/L and 6.48 mg/L, 1.67 mg/L
for medium and heavy rainfall events, respectively (Table
2). This phenomenon implies that the greatest amount of
nutrient export within the investigated catchment occurred
in heavy and storm events, and more attention needs to be
given to the control of diffuse pollution from rural-agricul-
tural catchment during medium and heavy rainfall events.
This phenomenon was consistent with the results of other
research [18, 19].

In previous studies, agricultural activities, particularly
the on-farm use of agrochemicals, have always been recog-
nized as important sources of surface and subsurface water
contamination in a catchment, and attention is generally
focused on the movement of nutrients from agricultural
fields [20]. For example, losses of nitrogen and phosphorus
from eight small (85-2830 ha) agricultural catchments in
Norway were analyzed by Bechmann et al. [21], the aver-
age event mean concentrations of TN and TP varied from
1.1to 11.2 mg/L, and 0.06 to 0.42 mg/L, respectively. Tang
et al. [22] found event mean concentrations of TN and TP
of 2.0 mg/L and 0.1 mg/L, respectively, in stormwater
runoff, in a typical agricultural catchment in China.
Mckergow et al. [23] reported that the average TN EMC
value of an agricultural area was 2.51-3.26 mg/L.

The urbanized area is a unique environment with char-
acteristic disturbance gradients that alter natural biogeo-
chemical cycles [24-26]. Human activities control major
factors driving these cycles, including land use change and
soil variability, atmospheric chemistry, and hydrologic
modifications [26]. Nitrogen (N) and phosphorus (P) are
derived from multiple sources and pathways in urbanized
watersheds and thus water runoff is a major contributor to
river pollution in many areas [27, 28]. For example, Lee et
al. [1] reported that the mean TN EMC concentration of
residential catchments ranged from 1.4-13.8 mg/L.
Brezonik and Stadelmann [29] reported that the mean EMC
of TN and TP were 3.08 and 0.59 mg/L, respectively, in the
Twin Cities metropolitan area, Minnesota, USA.

The mean EMC of TN and TP in the present study in the
hilly area of the upper Yangtze River Basin, China, were
4.94+1.88 mg/L and 1.1140.65 mg/L, respectively, and were
higher than the reported values, indicating that the impact of
nutrient concentrations from the rural-agricultural catch-
ment on receiving water were high. Furthermore, the results
suggest that the concentrations of nitrogen and phosphorus
in rainfall runoff were much higher than the thresholds of
eutrophication by international standards (0.2mg/L for TN,
0.02mg/L for TP) proposed first by Thomann [30], and the
average EMCs for TN and TP were approximately 22.5 and
35.0 times higher than the thresholds, which imply the rural-
agricultural catchment is a potential “high-risk” discharger
and posed a great pressure on the downstream water quality
in the hilly area of the upper Yangtze River.

Analysis of First Flush

M(V) curves of normalized cumulative loads for differ-
ent nutrient species against normalized cumulative flow
were presented in Fig. 6. The results showed that the M(V)
curves of TN, PN, TP, and PP were all clearly located above
the 1:1 line during the rainfall events of 2010-8-20 and
2011-9-7 which represent medium and heavy rain, respec-
tively. However, only the M(V) curves for TP and PP were
distributed above the 1:1 line for the event of 2010-8-14
which represent of small event, and the M(V) curves for
other nutrient species appeared close to the 1:1 line curves.
These results indicated that a larger proportion of the mass
for nitrogen and phosphorus was transported in the initial
stage of runoff during the medium and heavy rainfall events,
and only for phosphorus during the small rainfall event.
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The preceding increase in concentrations and the loca-
tion of M(V) curves for TP, PP, TN, and PN indicated the
occurrence of first flush, to quantify the strength of the First
flush effects of the different forms of nutrient transport in
JC catchment, the FF,; parameter [16] was employed. In
this study, the average values of FF,s for eight studied
events were 0.36 for TN, for 0.31 DN, 0.44 for PN, 0.46 for
TP, 0.28 for DP, and 0.51 for PP (Fig. 7). This means that a
total of 36%, 31%, 44%, 46%, 28 % and 51% of the mass
for TN, DN, PN, TP, DP, and PP, respectively, were dis-
charged in the first 25% of the runoff. These results indicate
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Fig. 7. The FF,ss of different species were calculated for a total
of eight rainfall events at Jieliuyan catchment sites.

that the significant first flush effects occurred for TN, TP,
PN, and PP, and the magnitude of the first flush was in the
order of PP>TP>PN>TN.

In general, the first flush phenomenon has been fre-
quently observed in small rural or urban catchments with a
large portion of impervious area in which surface flow
regime dominated the runoff process [1, 3, 4, 9]. The results
of this study indicated that the First flush phenomenon was
also identified in a typical rural-agricultural catchment and
the concentrated losing process will provide an important
scientific basis for the management of diffuse pollution in
the rural-agricultural in the hilly area of the upper Yangtze
River.

BMP Selection

The analysis of EMC indicated that the rural-agricultur-
al catchment posed a great pressure on the downstream
water quality, therefore more attention should be paid on
the diffuse pollution from rural-agricultural catchment.
Furthermore, our findings suggest a significantly concen-
trated transport regime for total N and P and particulate N
and P at rural-agricultural catchment, which demonstrated
an obvious strength of first flush, the highest value of FF,;
for eight rainfall events was calculated for PN (0.69), fol-
lowed by PP (0.57), TN (0.56), and TP (0.51 ). This means
that 69%, 57%, 56%, and 51% of the mass for PN, PP, TN,
TP, respectively, were discharged in the first 25% of the
runoff. Therefore, these results suggesting that pollutants
are transported is most intensive in the initial period of
runoff duration, for example the first 3 hours, and applying
treatment BMPs (e.g. wastewater infiltration measures,
direct pumping of wastewater into detention ponds) in the
early part of runoff could remove the diffuse pollutants
more effectively than randomly timed BMPs.

Conclusions

In this study, the average EMCs of TN and TP for all
investigated rainfall events were approximately 4.94+1.88
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mg/L and 1.11+0.65 mg/L, the analysis of EMCs of nitro-
gen and phosphorus indicated that the rainfall runoff from
the rural-agricultural catchment in the hilly area of the
upper Yangtze River, China, was severely polluted based
on the thresholds of eutrophication by international stan-
dards. The preceding increase in the nutrient concentra-
tions and peak distribution of loads in the initial period of
an event indicated the first three hours was the crucial time
at which the nutrients are transported intensively.
Furthermore, the average values of FF,; indicated a total of
36%, 31%, 44%, 46%, 28%, and 51% of the mass for TN,
DN, PN, TP, DP, and PP, respectively, were discharged in
the first 25% of the runoff. The important first flush phe-
nomenon has been investigated in rural-agricultural catch-
ment, especially for nutrient transport during the medium
and heavy rainfall events. Thus greater attention needs to
be given to the ever-increasing rural-agricultural catch-
ments in the hilly area of upper Yangtze River for the man-
agement of diffuse pollution, and best management prac-
tice, such as infiltration or sedimentation measures, should
be employed to control the nutrient loss in the initial peri-
od of rainfall events.

In view of the large temporal variations of N and P con-
centration during single rainfall events in rural-agricultural
catchment, a more intensive sampling program is recom-
mended, especially in the initial period of runoff process
during the medium and heavy rainfall events.
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