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Based on water quality surveys over 2 years (July to December, in 2014 and 2015) in a typical
arid river in northern China the Xingtai segment of the Fuyang River basin — the variation
of nitrogen (N) and phosphorus (P) was analyzed. The extent of water eutrophication of this
segment was also assessed using a universal index formula for eutrophic evaluation and a
logarithmic power function. The results showed that the average concentration of total N
(TN) was 27.2 mg/L (NH3-N, 63.5%), total P (TP) was 2.0 mg/L (solution reactive phosphorus,
68.8%). Temporal and spatial variations of N and P in this segment were observed.
Concentrations of N and P in the arid season were higher than those in the rainy season.
Spatially, the N and P concentrations followed the same trend; i.e., higher in the city
segment than in the suburbs, and decreasing along the river. The water eutrophication in
the studied segment reached extremely high levels at all times (eutrophication index ≥76.3).
Spatially, its trend was clearly linked with N and P. Water shortage, pollution accumulation
and a weak self-purification function are the main reasons for the prominent eutrophica-
tion in this segment.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Eutrophication is especially severe in typical arid rivers of
northern China. Reasons for this phenomenon include
drought, scarce precipitation, water resource deficiencies,
slow flowing rivers caused by dams, and nutrient element (N
and P) accumulation due to water pollution (Shan et al., 2012;
Li et al., 2012; Pernet-Coudrier et al., 2012; Taylor et al., 2015).
Eutrophication induces environmental, ecosystem, social and
economic problems, such as algal blooms, oxygen depletion,
es.ac.cn (Baoqing Shan).

o-Environmental Science
infectious disease, aquatic ecosystem deterioration and
freshwater that is unsuitable for human use (Smith and
Schindler, 2008; Vörösmarty et al., 2010).

Water resource shortage has been a vital factor affecting
the river ecosystems in northern China because of the scarce
precipitation and heavy utilization. Most of rivers are dry all
the year-round or seasonally. A large amount of untreated
wastewater is discharged into the rivers, which has caused
many environmental problems, such as eutrophication. As a
main tributary of the Hai River system, the Ziya River system
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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has also faced the same problems: drought and eutrophica-
tion. Agricultural and industrial development in the Ziya River
watershed has caused excess exploitation of water resources,
so the river is dry year-round or seasonally. This phenomenon
is very common and represents a characteristic of arid rivers
in northern China (Li et al., 2010a, 2010b). The Fuyang River is
an important tributary in the Ziya River system, and flows
through large cities such as Handan, Xingtai and Hengshui.
There is no rainwater supply, and substantial domestic and
industrial wastewater enters the river. The Xingtai segment is
seriously polluted in the Fuyang River basin as are the Handan
and Hengshui segments, because there are many heavily
polluting enterprises along the river, such as leather, paper,
chemical and steel industries. The water quality greatly
exceeds the criteria of both the USA (US EPA, 1986) and
China (National Standard of the People's Republic of China,
Environmental Quality Standards for Surface Water,
GB3838-2002). This means that the water is unsuitable for
any use (Zhao et al., 2014). Point source pollution is serious in
heavily populated areas or city areas. Dams and irrigation
channels have been constructed along the river, which cause
the main channel to flow much more slowly than would
otherwise be the case. Dams in river systems produce the
characteristic feature of a “reservoir type river”. This feature
causes nutrient element accumulation and increases the risk
of eutrophication (Pernet-Coudrier et al., 2012; Zhang et al.,
2014). The eutrophication consumes dissolved oxygen (DO)
and affects the metabolism of aquatic organisms, thereby
deteriorating the water environment. Thus the study of the
Xingtai segment of the Fuyang River has significance for
typical arid rivers in northern China.

Temperature and rainfall have clear seasonal variation in
northern China. Thus, we hypothesize that the concentrations of
nutrient elements and eutrophication vary across the rainy and
dry seasons. To describe the spatiotemporal variation of nutrient
elements and the influences of and reasons for eutrophication,
the Xingtai segment of the Fuyang River basinwas chosen as the
research object. Twenty-four sample sites were monitored over
2 years. The main objective of this study was to understand the
temporal and spatial variations of N and P, and assess the river
eutrophication and environmental factors. Water shortages and
eutrophication have been concomitant issues in the rivers in
northern China. Themain innovation of this study was to reveal
the variation trends of nutrient elements and eutrophication and
their relationship with environmental factors. This study will
furnish some baseline measurements for eutrophication control
of arid rivers innorthernChina or other semi-arid areas that have
the same characteristics.
Fig. 1 – Location of sampling sites in Xingtai segment of
Fuyang river basin.
1. Materials and methods

1.1. Study area

The Xingtai segment is the most polluted part of the Fuyang
River basin and is contaminated by various pollutants. This
area has extensive plains and substantial agriculture, consisting
of wheat, corn and vegetables (Li et al., 2012). The area has a
temperate, continentalmonsoon climate, andmost of the rainfall
is in summer. In fact, accumulated precipitation in June, July
and August accounts for 70% of annual precipitation (Chun et al.,
2009).

The Xingtai segment of the Fuyang River contains the
Niuwei, Qili, Xiao, Shunshui, Nanli, Beili, Xiaozhang, Laozhang
and Beisha rivers. The river system is very complicated and
has many tributaries. The water flow direction is southwest
to northeast. The water depth of the research river segment
was about 40 and 180 cm in dry and rainy seasons, respec-
tively. The water flow velocity was about 0.2 and 1 m3/sec in
dry and rainy seasons, respectively. There are numerous
dams and gates, which have caused fragmentation of the
river system.

1.2. Field sampling

Sampling sites were located along the mainstream and its
tributaries as well as drainage rivers in the Xingtai segment.
These sites were selected to avoid still water, backwater and
discharge outfall areas, and were largely within straight river
segments with gentle flow and a wide channel. In total there
were 24 sampling sites (sitesN1–N5were in Xingtai City and S1–
S19 in the suburbs). Detailed locations are shown in Fig. 1.
Temperature and precipitation in the study area varies greatly
from summer to winter. From January to March, the tempera-
ture is low and the rivers freeze up, so it is difficult to collect
water samples. From April to June, the floodgates are open,
which changes the river flow rate. Thus, sampling was mainly
done from July to December. Because of the strong impact of
precipitation, sampling frequency was high in the rainy season
and low in the dry season. Specifically, samples were taken two
or three times monthly from June to September, and once
monthly from October to December. There was no obvious rain
before sampling. Water samples of 200 mL were collected by a
plexiglass sampler (WB-PM, Beijing Splitter Instrument Co. Ltd.)
from mid-river, stored at 4 °C in a car refrigerator and returned
to the lab immediately. The experiments were carried out over
2 days. DOwas measured by a YSI portable device (YSI ProPlus,
YSI Inc., Yellow Springs, Ohio, USA) at the same location.
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1.3. Sample analysis

The index of nutrient elements in water of the Xingtai segment
includes the following: total phosphorus (TP), total dissolved
phosphorus (TDP), solution reactive phosphorus (SRP), dis-
solved organic phosphorus (DOP), particulate phosphorus (PP),
total nitrogen (TN), total dissolved nitrogen (TDN), ammonia
nitrogen (NH3-N), nitrate nitrogen (NO3-N), nitrite nitrogen
(NO2-N), particulate nitrogen (PN), and chemical oxygen de-
mand (CODcr). Analysis methods were as follows. TP in water
samples was measured using the molybdate colorimetry
method after digestion by potassium persulfate (K2S2O8). For
TDP, samples were filtered using a 0.45-μm synthetic fabric filter
membrane, and thenmeasuredusing the samemethodas forTP.
For SRP, filteringwas done using that samemembrane, and then
SRP was measured using the molybdate colorimetry method.
DOP was obtained by subtracting TDP and SRP concentrations in
the sample (Benitez-NelsonandBuesseler, 1999). PPwasobtained
by subtraction of TP andTDP. TN in sampleswasmeasuredusing
the ultraviolet spectroscopy method after digestion by alkaline
potassium persulfate. After sample filtering by a 0.45-μm
synthetic fabric filter membrane, TDN was measured using the
same procedure as for TN. For NH3-N, the samemembrane was
used for filtering samples, and then measurement was per-
formed using the indophenol blue spectrophotometric method.
For NO3

−N, the same membrane was used for filtering, and
measurement was via the ultraviolet spectroscopy method
(the chromogenic agent was hydrochloric acid). Themembrane
was again used for filtering prior to NO2

−Nmeasurement, which
was carried out with the ultraviolet spectroscopy method (the
chromogenic agent was sulfanilamide and n-(1-naphthyl)-
ethylenediamine dihydrochloride); finally, for CODcr, the
water sample was measured using the colorimetry method
(HACH DR2800) after digestion by a CODcr reagent (HACH
DRB200, catalog number 21258-25).
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Fig. 2 – Spatial variation of CODcr and DO in the w
1.4. Eutrophication index

Eutrophication assessment was performed according to a
universal index equation by a logarithmic power function
(eutrophication index: EI), which has been widely used for
assessment of lake, reservoir and river water (Li et al., 2010a,
2010b; Shan et al., 2012). The index was assigned five grades:
oligotrophic: EI ≤ 20; mesotrophic: 20 ≤ EI ≤ 39.42; eutrophic:
39.42 ≤ EI ≤ 61.29; hyper eutrophic: 61.29 ≤ EI ≤ 76.28; and
extreme eutrophication: 76.28 ≤ EI ≤ 99.77. The equation is

EI ¼
Xn

j¼1

Wj� EI j ¼ 10:77�
Xn

j¼1

Wj� InX j
� �1:1826

where, Wj is a normalized weighted value of index j. Weights of
various indexes in this studywere equal. EIj is the eutrophication
evaluation universal index of index j. Xj is the code value of that
index.
2. Results and discussion

2.1. Physicochemical characteristics of river water

Physicochemical characteristics of river water are shown in
Fig. 2. Concentrations of CODcr ranged from 10 to 388 mg/L.
The average concentration of CODcr in the river water was
53.0 mg/L, higher than water quality criteria (criterion V,
40 mg/L) (National Standard of the People's Republic of
China, Environmental Quality Standards for Surface Water,
GB3838-2002). CODcr concentrations >40 mg/L were found
at 52.0% of sample sites. There are many reasons for such high
CODcr concentrations in the Xingtai segment, such as industrial
and agricultural discharges and domestic sewage and rubbish.
The concentrationofDO ranged from0.1 to 3.9 mg/L. Theaverage
7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19

Sites

40 mg/L

2 mg/L

ater of Xingtai segment of Fuyang river basin.
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concentration of DO was 1.6 mg/L, lower than water quality
criteria (criterion V, 2 mg/L) (GB3838-2002). DO concentrations
<2 mg/Lwere found at 79.6% of all sample sites. Thismeans that
the quality was unfit for aquatic organism metabolism. The
reason for thiswas oxygen-demandingwaste, suchasCODcr and
NH3-N (Li et al., 2012).

CODcr and DO were markedly increased and decreased at
site 19 (which is located in Aixinzhuang Dam) respectively.
These changes in the front of the dam are attributable to the
slow flowing water. This caused pollution accumulation,
which is especially serious for arid rivers, and then degraded
water quality (Zhang et al., 2016). This is a universal
phenomenon in typical arid rivers of northern China
(Pernet-Coudrier et al., 2012). CODcr and DO showed negative
correlation, whichmeant that the CODcr and DO had opposite
variation trends. For sites having high CODcr concentration,
the DO concentration was low. On the spatial scale, the
contents of DO and CODcr were lower and higher respectively
in the city segment than in the suburban segment, which
indicated that human activities were the most significant
factors affecting river ecosystem health.

2.2. Temporal and spatial variation of nitrogen and phosphorus

Temporal variation of TN, NH3-N, NO3-N, NO2-N, PN, DOP, SRP
and PP in water of the Xingtai segment is shown in Fig. 3. The
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Fig. 3 – Temporal variation of different component of P and N
in the water of Xingtai segment of Fuyang river basin.
main components of N were NH3-N and NO3-N, accounting
for 63.5% and 31.6% of TN. SRP and DOP were the main
constituents of P, representing 68.8% and 20.7% of TP. This
indicated that most nutrient elements were available for
aquatic organisms, which was different from other large rivers,
such as the Yellow River (Jarvie et al., 2012; Pan et al., 2013; Zhang
et al., 2016). A large amount of solution N and P can support the
metabolismof anabundance of aquatic organisms, suchas algae.

The study region has a temperate continental monsoon
climate. Although pollution accompanies rainfall, heavy rain
dilutes it (Dhia et al., 2008), and a large number of aquatic
plants absorb nutrient elements. These combined actions lead
to lower concentrations of N and P in the rainy season
(Haggard et al., 1999). Conversely, near-complete drying of the
flow during the dry season concentrates nutrients, and
aquatic plant residue decomposes and releases nutrients
into surface water (Correll, 1998). Therefore, N and P concen-
trations are higher in the dry season than in the rainy season
in arid rivers of northern China.

The spatial variation of various N and P components in the
water of the Xingtai segment was also studied (Fig. 4). Sample
siteswere in urban (N1 toN5) and suburban (S1 to S19) areas. The
main components, SRP, NH3-N and NO3-N, had higher concen-
trations in urban areas than suburban ones. Xingtai City has
many heavily polluting enterprises, such as those in the paper
and steel industries. Part of the untreated wastewater and
domestic sewage from these sources flows into the river, and
an artificial river bank reduces the self-purification capability in
the city segment, both ofwhich cause accumulation of N and P in
river water (Li et al., 2012). Although some agricultural wastewa-
ter enters the river, a more integrated littoral zone ensures that
river water has vigorous self-purification (Zhang et al., 2014).
Therefore, the nutrient elements had higher concentrations in
urban areas than in suburban ones.

N and P concentrations were 13 and 5 times higher than the
surface water quality standards, respectively (GB3838-2002).
Most N and P were bioavailable, and the ratios of SRP to TP and
NH3-N to TN were 68.75% and 63.51%, respectively. The relative
abundance of N and P represent the relationship of N and P
input loads, as well as the effect of nutrient input on the water
nutrient structure (Hans, 2006). Plantmetabolism requirements
vary with nutrient element ratio. Therefore, the seasonal
variation of N and P change the characteristics of nutrient
restriction, which is the key factor regulating the alternation of
aquatic organism growth (Smith, 1983). According to nutrient
restriction classification standards, TN/TP ≥ 22.6 indicates a P
deficiency and TN/TP ≤ 9.0 a N deficiency (Guildford andHecky,
2000). TN/TP ranged from 6.8 to 29.2, and was ≥22.6 and ≤9.0
in November and December, respectively, revealing P and N
deficiencies. A possible reason for this is phytoplankton decom-
position andmicrobial metabolism (Hans, 2006).

On the time scale, theN and P contentswere higher in the dry
season than in the rainy season. On the spatial scale, the city
segment had higher N and P concentrations than the suburban
segment. Also, bioavailable N and P were the main components
in the rivers. The three factors' synergistic effect induce the city
segment to have a higher risk of algae bloom in the dry season.
Thus we should pay more attention to the river ecological
restoration and pollution control in the city segment to increase
the health of the river ecosystem.
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Fig. 4 – Spatial variation of different component of P and N in the water of Xingtai segment of Fuyang river basin.
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2.3. Eutrophication index in typical arid rivers of northern China

The EI is shown in Fig. 5. Water quality was in a state of
extreme eutrophication year-round (EI ≥ 76.3). The smallest
and largest EI occurred in July (93.7) and December (101.6) of
2014, respectively. The average EI was 97.5 over 2 years. The
EI was larger in the dry season than in the rainy season.
Changes in the index matched those of N and P. The EI
progressively increased from July through December in the
study period. Spatial variation of EI in the water of the Xingtai
segment was also examined (Fig. 5). The average EI at urban
sample sites (EIave = 98.8) was larger than at suburban sites
(EIave = 93.4).

N and P exceeded water quality standards and produced
eutrophication in the watershed. Water eutrophication in the
Xingtai segment was assessed by the EI. The surface water
was in an extreme eutrophication state. Substantial rainfall
and dam opening in the rainy season diluted N and P, leading
to a smaller EI. The lower precipitation in the dry season
reduces vital water recharge. Dam closure to preserve water in
the dry season retards water flow. Another factor is strong
evaporation during that season in northern China. The above
factors produce larger EI during the dry season in typical arid
rivers of northern China. Spatially, EI was higher in urban
areas, because of pollution accumulation and loss of river
habitat (Anderson et al., 2002; Lei et al., 2012). Eutrophication
produces algae blooms and environmental, ecosystem, social
and economic problems, such as oxygen depletion, infectious
disease, aquatic ecosystem deterioration, and freshwater that
is unsuitable for human use (Xia et al., 2006; Smith and
Schindler, 2008; Vörösmarty et al., 2010). This phenomenon
restricts economic and social development.

2.4. Relationships between EI and the nutrition element

Relationships between the EI and N and P concentrations are
shown in Table 1. NH3-N and SRP were found to be positively
correlated with TN and TP, respectively (R2 = 0.917 and 0.946,
p < 0.01), which demonstrated that the bioavailable N and P
were the dominant components in the arid rivers of northern
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China because of the pollution input accompanying the social
and economic development (Pernet-Coudrier et al., 2012). This
study indicated that reactive N and P were the most significant
factors for EI because of the positive correlation betweenNH3-N,
SRP and EI (R2 = 0.662 and 0.609, p < 0.05). As an important
phosphorus source, the DOP can support aquatic organism
metabolism (Benitez-Nelson and Buesseler, 1999; Dyhrman et
al., 2005). But no relationship was found between the DOP and
other environmental factors, especially EI, which indicated that
DOP might be just a standby phosphorus source in freshwater
ecosystem. The small amounts of N, NO3-N and NO2-N had no
relationshipwith the EI, which indicated that theymade little or
no contribution to river eutrophication. Positive correlations
between PP and PN (R2 = 0.708, p < 0.01) showed that they have
the same origins, non-point source pollution from storm runoff
and untreated wastewater from livestock breeding and domes-
tication (Laing et al., 2005; Xiong andWan, 2008; Peng et al., 2012;
Duan et al., 2015). The negative relationship between PP, PN and
EI also indicated that the particulate N and P does not augment
the risk of eutrophication in arid rivers of northern China (Huang
et al., 2002; Kuang et al., 2015). This hypothesiswas confirmed for
these arid rivers through this systematic study. The study not
only verified that the concentrations of nutrient elements and
eutrophication varied across the rainy and dry seasons, but also
found that the nutrient element contents varied on the district
scale. This study indicates that the management of bioavailable
and particulateN and P are vital for eutrophication control in arid
rivers in northern China.
3. Conclusions

(1) N and P were higher in the rainy season than in the dry
season. SRP, NH3-N and NO3-N, had higher concentra-
tions in urban areas than in suburban areas.

(2) Water quality was in a state of extreme eutrophication
year-round (EI ≥ 76.28). The smallest and largest EI
occurred in July (93.7) and December (101.6) of 2014,
respectively. The average EI over the studied 2 years
was 97.5.
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Table 1 – Pearson correlation coefficients for physicochemical characteristics in the Niuwei River

NH3-N NO3-N NO2-N PN DTN TN SRP DOP PP DTP TP EI

NH3-N 1 0.190 0.364 −0.557 0.905 ⁎⁎ 0.917 ⁎⁎ 0.028 0.472 −0.573 0.163 0.060 0.662 ⁎

NO3-N 1 −0.002 −0.705 ⁎ 0.589 ⁎ 0.561 0.515 0.193 −0.454 0.516 0.456 0.482
NO2-N 1 −0.061 0.318 0.336 0.153 0.566 −0.255 0.302 0.269 0.339
PN 1 −0.761 ⁎⁎ −0.716 ⁎⁎ −0.520 −0.097 0.708 ⁎⁎ −0.492 −0.381 −0.864 ⁎⁎

DTN 1 0.998 ⁎⁎ 0.250 0.481 −0.669 ⁎ 0.363 0.253 0.756 ⁎⁎

TN 1 0.215 0.508 −0.647 ⁎ 0.340 0.233 0.724 ⁎⁎

SRP 1 0.227 −0.336 0.959 ⁎⁎ 0.946 ⁎⁎ 0.609 ⁎

DOP 1 −0.230 0.494 0.476 0.217
PP 1 −0.367 −0.192 −0.627 ⁎

DTP 1 0.983 ⁎⁎ 0.607 ⁎

TP 1 0.518
EI 1

PN: particulate nitrogen; TN: total nitrogen; SRP: solution reactive phosphorus; DOP: dissolved organic phosphorus; PP: particulate phosphorus;
TP: total phosphorus; EI: eutrophication index; DTN: dissolved total nitrogen; DTP: dissolved total phosphorus.
⁎ Correlation is significant at the 0.05 level (2-tailed).
⁎⁎ Correlation is significant at the 0.01 level (2-tailed).
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(3) The EI was larger in the dry season than in the rainy
season, which showed the same trend as N and P. The
EI progressively increased from July to December during
the study period. The average EI of urban sample sites
(EIave = 98.8) was larger than that of suburban district
sites (EIave = 93.4).
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