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Abstract. This study made use of the trophic state index method, the eutrophication index method, and
the potential eutrophication evaluation method to analyze temporal and spatial changes of the nutrient
content and the eutrophication level in waters of the Abandoned Yellow River Delta from 2010 to 2015.
Findings of this study include the following: the average trophic state index in the study area remained
above 3 over the years of investigation, so the study area was under eutrophication; the average
eutrophication index each year was above 3, so the study area was in a medium-eutrophication state; both
the average trophic state index and the average eutrophication index showed fluctuating trends and the
indices were higher in each autumn than in each spring. Fourth, the study area showed a surplus of
nitrogen and deficiency in phosphorus, but the N/P ratio declined from 176.68 to 32.234. The
concentration of nutrients and the level of eutrophication declined from the coast to the sea and from
north to south, with the estuaries marking the highest concentration and most severe eutrophication.
Pollutants discharged from the rivers and development projects along the coastline are the main
contributors to the high concentrations of nutrients and eutrophication.

Keywords: trophic state index, eutrophication index, potential eutrophication evaluation, distribution,
variation, cause

Introduction

Coastal waters, which connect the continent with the sea, are among the most vibrant
areas bustling with human activity and account for some of the world’s most important
economic belts. The ecology of coastal waters, subject to influence from both the
continent and the sea, is susceptible to human interferences and is hence very sensitive
and vulnerable. As costal development and ocean exploitation gather pace, and as land-
sourced pollution exacerbates, the environment of coastal waters deteriorates and
nutrients (especially nitrogen and phosphorus) and organic matter increase, which
results in eutrophication in the waters (Pinckney et al., 2001; Peru’s et al., 2004; Demit
et al., 2018). Eutrophication will disturb the ecological balance of the waters, threatens
marine ecosystems (Andersen et al., 2006; Cabrita et al., 2015), alters the original
ecological system structure (Telesh et al., 1999; Capriulo et al., 2002), and leads to
degradation of ecological functions (Diaz et al., 1995; Richardson et al., 1997).
Eutrophication has become a major challenge that impedes the sustainable development
of coastal areas.

Located in the north-central coast of Jiangsu province in China, the Abandoned
Yellow River Delta features an erosion coast and deep waters, having all the ideal
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conditions to build a large port. Additionally, backed by the rich resources of the
adjacent continent, the local government plans to build a port with berths able to
accommodate 300,000-tonnage vessels along the northern estuary of the Abandoned
Yellow River to facilitate industrial transfer from the Yangtze River economic belt and
boost the port economy. This area is expected to become a thriving economic engine
along Jiangsu’s coastline. Nevertheless, as the port develops and industries there take
off, the waters of the delta face growing environmental threats. The major
environmental problem now confronting the coastal areas of Jiangsu is eutrophication
caused by excessive nutrients. Previous studies on eutrophication along coastal areas in
Jiangsu focused on Haizhou Bay (Zhao, et al., 2015; Zhang, et al., 2014), but research
on eutrophication in waters of the Abandoned Yellow River Delta is still limited. Using
the waters of the Abandoned Yellow River Delta as the study area, this study examined
water quality data obtained through investigations in 2010, 2012, 2013, and 2015 to
analyze trend changes and distribution of nutrients in this area. Using such methods as
the trophic state index method, the eutrophication index method, and the potential
eutrophication evaluation method, this work probed the causes of pollution in hopes of
providing a basis for environmental management and planning, protocols for pollution
control, and policies to support environmental protection.

Materials and methods
Introduction to the study area

Located in the north-central coast of Jiangsu province in China, the study area
stretches from the Zhongshan River estuary to the Northern Irrigation Canal of Jiangsu
and extends 20 km into the sea (as shown in Fig. 1). The study area belongs to the
waters of the Abandoned Yellow River Delta. With the headland on the north of the
Abandoned Yellow River estuary as the point of inflexion, the coastline which
meanders from northwest to southeast then runs from north to south. The coast is a plain
erosion silt-muddy coast. The coast is broad and spacious, and the -15 m isobath and -
10 m isobath on top of the delta are 3.95 km and 2.0 km away from the coastal baseline,
respectively, which means the water is deep along the coast and this area offers ideal
conditions to build a large port. Currently, a port with berths able to accommodate
100,000-tonnage vessels is under construction in the northern waters of the Abandoned
Yellow River Delta. Rivers that join the sea through the study area include Zhongshan
River, Fanshen River, the Abandoned Yellow River, and the Northern Irrigation Canal
of Jiangsu. The major coastal development activities in the study area include open
marine transportation, culture, and discharge of effluent. The port under construction
now runs from the Fanshen River estuary to Erhong River estuary. Along the northern
seawall of the study area are coastal industrial parks, the industrial effluent from which
are discharged into the sea via outfalls 6 km away from the Zhongshan River estuary
and the volume of discharge reaches 20,000 tons per day. The southern part of the
industrial park specializes in aquiculture, the wastewater from which is discharged into
the sea through the marine outfalls along the coast.

Sampling and sample processing

Sea water quality investigations were conducted from the waters of the Abandoned
Yellow River Delta in May 2010, October 2012, May 2013, and October 2015. In
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October 2010, there were 21 investigation sites in total. In May 2013, October 2012 and
October 2015, there were 22 investigation sites. The sampling point coordinate range is
34°10'N-34°30'40.45"N, 120°6'E-120°32'41.33"E. The areas of investigation remained
essentially the same, so data obtained from the investigations have good comparability
in terms of space (Fig. 1).
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Figure 1. Location of study area and sample sites

Items monitored include chemical oxygen demand (COD), dissolved inorganic
nitrogen (DIN, including NO3-N, NO2-N, NHs-N), dissolved inorganic phosphorus
(DIP), chlorophyll a, and salinity. Collection, storage, and transport of samples were
performed according to the “Specifications for Marine Monitoring (GB17378-2007),”
“Specifications for Oceanographic Survey (GB/T 12763-2007),” and other standards.
The water samples were collected from a 50-cm depth where applicable using an Aqua
trap water sampler and were then transported to the laboratory for the water quality
investigations.

Methods
Single-factor pollution index method

The single-factor pollution index method (Jiang et al., 1991) uses the ratio of
measured concentration of a given pollutant to the standard concentration to reflect how
much pollution the pollutant has caused.

G
R=T (Eq.1)

where P; denotes the pollution index of the i-th pollutant, Ci denotes the measured
concentration of the i-th pollutant, and Li denotes the concentration of the i-th pollutant
in sea water of standard quality. The evaluation standard used in this study refers to
Level-1 Standard in “Sea Water Quality Standard (GB3097-1997)”.
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Trophic state index (TSI) method

The trophic state index (TSI) method (Chen et al., 1999; Bian et al., 2013) is one of
most widely used methods to assess eutrophication and its calculation equation is as
follows:

_cob , TN , TP , Chla
TSI = CoDs T TNs T TR T Chlag (Ea.2)

where COD, TN, TP, and Chl.a stand for the measured concentrations of the pollutants
(mg/L), CODs, TNs, and Chl.as their corresponding standard concentrations (mg/L).
According to the Level-11 standard in the “Sea Water Quality Standard (GB3091-1997)”
and the conditions of nutrients in the study area, the standard concentrations for COD,
DIN, DIP, and Chl-a are 3 mg/L, 0.3 mg/L, 0.03 mg/L, and 3 mg/m3, respectively.
Table 1 presents the levels of nutrition identified according to the TSI.

Table 1. The levels of nutrition according to the trophic state index (TSI)

Trophic state index (TSI) Level of nutrition
Above 3 Eutrophic
2-3 Mesotrophic
Below 2 Oligotrophic

Eutrophication index (EI) method

The eutrophication index (EI) method, first proposed in Japan, was introduced to
China by Zou (1983) and has been used according to the “Water Quality Standard for
Fisheries” and the “Sea Water Quality Standard” issued by the Chinese government. Its
calculation equation is:

~ CODxDIN x DIP x10°
4500

El

(Eq.3)

where EI denotes the eutrophication index, and COD (Chemical Oxygen Demand), DIN
(dissolved inorganic nitrogen), and DIP (Dissolved Inorganic Phosphorus) refer to the
measured concentrations of these pollutants (mg/L). If El < 1, the water is considered as
oligotrophic; if EI > 1, it is considered that eutrophication starts in the water, and the
larger EI is, the more severe eutrophication is. If EI > 1, the water is identified as
eutrophic. When 1<EI<3, the water is identified as slightly eutrophic. When
3 <EI <9, the water is identified as moderately eutrophic. When El > 9, the water is
identified as severely eutrophic.

Potential eutrophication evaluation method

When pollution of nutrients occurs in sea water, the The concentration ratio of
dissolved inorganic nitrogen and dissolved inorganic phosphorus (N/P ratio) does not
equal the Redfield ratio of 16 (Redfield, 1963) and even deviates much from the latter. In
such cases, there is a surplus of nitrogen (compared with phosphorus limitation) or
phosphorus (compared with nitrogen limitation) and the surplus will not be absorbed by
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marine plants. Excess of nutrients does not make a direct contribution to eutrophication,
so it is considered a potential source that may induce eutrophication. In other words, only
when a proper amount of phosphorus (compared with phosphorus limitation) or nitrogen
(compared with nitrogen limitation) is supplemented do the excess of nutrients play a role
in eutrophication (Guo et al., 1998). This is in fact a phenomenon of potential
eutrophication. Table 2 displays the division of nutrition levels in potential eutrophication.

Table 2. Division of nutrition levels in potential eutrophication according to N/P ratio

Level Nutrition level DIN (mg/L) | DIP (mg/L) | N/P
I Oligotrophic <0.2 <0.03 8-30
I Mesotrophic 0.2-0.3 0.03-0.045 | 8-30
Il Eutrophic >0.3 >0.045 8-30
Ve Phosphorus-limited mesotrophic 0.2-0.3 — >30
Vp Medium-phosphorus-limited potential eutrophic >0.3 — 30-60
Vlip Phosphorus-limited potential eutrophic >0.3 — > 60
IV Nitrogen-limited mesotrophic — 0.03-0.045 | <8
Vi Medium-nitrogen-limited potential eutrophic — > 0.045 4-8
Vin Nitrogen-limited potential eutrophic — > 0.045 <4

Statistical methods

The DIN and DIP concentrations in water samples were statistically analyzed by
SPSS25, the mean, standard deviation and coefficient of variation were calculated.
Combining with the spatial information of station location, the data are processed by
using Sufferll software and Kristin interpolation method, and the spatial distribution
maps of DIN, DIP, TSI, EIl are drawn.

Results and discussion
Concentration changes of nutrients and spatial distribution

The statistical results of dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorus (DIP) from 2010 to 2015 are shown in Table 3 and Figure 2. The DIN
concentration in the delta measured in May 2010 ranged from 0.586 to 1.004 mg/L in
May 2010, with a mean concentration of 0.793mg/L. In October 2012, the measured
DIN concentration ranged from 0.512 to 1.615 mg/L, with a mean concentration of
0.851 mg/L. In May 2013, the measured range of DIN concentrations was from 0.306 to
1.520 mg/L, with a mean concentration of 0.590 mg/L. In November 2015, the DIN
concentration ranged from 0.213 to 0.924 mg/L, with a mean concentration of
0.474 mg/L. From 2010 to 2012, the maximum concentration of inorganic nitrogen in
the waters of the delta witnessed a considerable increase and the average concentration
rose slightly. From 2012 to 2015, both the maximum concentration and average
concentration of inorganic nitrogen in this area declined (Fig. 2), and this trend is
significant. Data from estuaries (Table 3; Fig. 3) show that the DIN concentration of
Zhongshan estuary over the years was obviously higher than the average value of the
study area, the DIN concentration of Abandoned Yellow River estuary was slightly
higher than the average value in 2010 and 2012, the DIN concentration of Northern
Jiangsu Irrigation Canal estuary was slightly higher than the average value in 2010.
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Table 3. Statistical description of dissolved inorganic nitrogen (DIN) and dissolved
inorganic phosphorus (DIP) concentrations from 2010 to 2015

Item Time
2010.5 2012.10 | 20135 2015.11

Maximum concentration (mg/L) 1.004 1.615 1.520 0.924

Study Minimum concerjtration (mg/L) 0.586 0.512 0.306 0.213

area Mean concen.tra_tlon (mg/L) 0.793 0.851 0.590 0.474

DIN Standf;\r.d dewatmp . 0.124 0.316 0.282 0.184

Coefficient of variation (%) 15.6% 37.1% 47.8% 38.9%

Zhongshan River estuary 1.004 1.615 1.520 0.924

Abandoned Yellow River estuary 0.943 0.856 0.450 0.451

Northern Jiangsu Irrigation Canal estuary 0.819 0.553 0.604 0.634

Maximum concentration (mg/L) 0.019 0.040 0.041 0.106

Study Minimum concentration (mg/L) 0.011 0.018 0.014 0.012

area Mean concen_tra_tlon (mg/L) 0.016 0.029 0.021 0.035

DIP Stand,_ar_d deV|at|or_1 _ 0.002 0.006 0.007 0.018

Coefficient of variation (%) 14.2% 21.9% 32.8% 51.2%

Zhongshan River estuary 0.011 0.04 0.041 0.106

Abandoned Yellow River estuary 0.019 0.027 0.016 0.036

Northern Jiangsu Irrigation Canal estuary 0.017 0.035 0.017 0.030

DIN(unit:mg/L) DIP{umit:mg/L)

1.8 0.12
1.5 0.1
L2 0.08

0.9 I 0.06
0.6 0.04 I
0.02 ]

0.3
0 U]
2010.5 2012.10 2013.5 201511 2010.5 2012.10 2013.5 2015.11
=Max =Min ®Mean =NMax =M @Mean
(a) Statistical charts of DIN (b) Statistical charts of DIP

Figure 2. Statistical charts of DIN and DIP concentrations from 2010 to 2015
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Figure 3. The DIN and DIP Concentrations of estuaries from 2010 to 2015
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The DIP concentration in this area ranged from 0.011 to 0.019 mg/L in May 2010,
with a mean concentration of 0.016 mg/L; the DIP concentration monitored in October
2012 ranged from 0.018 to 0.040 mg/L, with a mean concentration of 0.029 mg/L; in
May 2013, the DIP concentration range was from 0.014 to 0.041 mg/L, with a mean
concentration of 0.021 mg/L; in November 2015, the DIP concentration range was from
0.012 to 0.106 mg/L, with a mean concentration of 0.035 mg/L. From 2010 to 2015, the
maximum concentration of DIP in the study area kept rising (Fig. 2), and this trend is
obvious. The average DIP concentration fluctuated, with the concentration higher in
autumns than in springs obviously. Data from estuaries (Table 3; Fig. 3) show that the
DIP concentration of Zhongshan estuary was obviously higher than the average value
in2012, 2013 and 2015, the DIP concentration of Northern Jiangsu Irrigation Canal
estuary was slightly higher than the average value in 2010 and 2012, the DIP
concentration of Abandoned Yellow River estuary was slightly higher than the average
value in 2010.

The coefficient of variation can reflect the dispersion degree of data distribution at
different sampling points. The larger the coefficient of variation, the greater the degree
of dispersion. It can also reflect the degree of influence of human factors on water, the
larger the coefficient of variation, the greater the influence of human factors. The
coefficient of variation of DIN from 2010 to 2015 ranged from 15.6 to 47.8%, with the
largest coefficient of variation in 2013. From 2010 to 2015, the coefficient of variation
of DIP ranged from 14.2 to 51.2%, and the coefficient of variation increased over the
years. This data reflected the uneven spatial distribution of DIN and DIP concentration,
which was obviously influenced by human factors.

Regarding spatial distribution (Figs. 4 and 5), the concentrations of DIN and DIP on
the surface sea water in the study area declined from the shore outwards and from west
to east. It presents a gradient of concentrations in spatial distribution and high
concentrations occur near the estuary with the estuary recording the highest. The
concentration isolines of DIN in the study area in 2010 are saddle-shaped, with the
highest concentrations occurring both at the Zhongshan River estuary and at the
Abandoned Yellow River estuary, and the level of pollution in these peak sites was
essentially the same. In 2012, the concentration of DIN in these two estuaries remained
high, but the concentration at the Zhongshan River estuary far exceeded that at the other
estuary. In 2013 and 2015, high DIN concentrations only occurred at the Zhongshan
River estuary and the Abandoned Yellow River estuary was no longer a high-
concentration area. In 2010 and 2012, the highest concentrations of DIP occurred in
areas radiating from the abandoned Yellow River estuary and from the estuary of
Northern Irrigation Canal of Jiangsu, but in 2013 and 2015, high DIP concentrations
only occurred at the Zhongshan River estuary.

Result of single-factor pollution index evaluation

Table 4 shows the Single-Factor Pollution Index of dissolved inorganic nitrogen and
dissolved inorganic phosphorus (Eg. 1). According to the Level-I standards detailed in
“Sea Water Quality Standard,” the pollution index of DIN was between 2.931 and 5.021
in 2010, averaging 3.963. In 2012, this index ranged from 2.562 to 8.073, averaging
4.256. In 2013, the index ranged from 1.531 to 7.598, averaging 2.949. In 2015, the
index ranged from 1.067 to 4.622, averaging 2.371. The index in all these years
exceeded the standard index and, if calculated by the ratio of measured index to the
standard, the index first presented an increase and then later a decline.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(6):14069-14085.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1706_1406914085
© 2019, ALOKI Kft., Budapest, Hungary



Zhang et al: Temporal and spatial changes of nutrient content and eutrophication condition in waters of the Abandoned Yellow
River Delta

. . . . . .
2010.5 DIN 2012.10 DIN
34.5°N [34.5°N 8
° /
- ; . o‘&/
44N 344N
05
343°N 343N r
|
©
s 16
1.1 15
328 1 BN ' \ IENs
12
0.9 11
0.8 1
09
07 08
34.1°N-| 06 341N o7 [
© 05
0.5 05
T T ; T T ' ’ T f T T | T T
1199°E 120°E 120.1°E 1202°E 120 3°E 1204°E 1205°E 120 6°E 199°E 120°E 120.1°E 1202°E 1203°E 1204°E 1205°E 1206°E

(2) Spatial distribution of DIN in May 2010 (b) Spatial distribution of DIN in October 2012

sen| 20135 DIN I(tl pen | 201511 DIN \\\ I:tl |
N
\\\
%5
T A
34.4°NH F34.4°N O \\
& \
&
Yy
34.3°N+H 34.3°N+ I
,ﬁPﬁ Fanshen River L
3 e os
l‘lﬂ \\1 05
§'Z acand o
4. 1°N gi 34.1°N+ ) ““;‘ 0L, o2 |
03 w,ﬁh“’“‘ 04
l]‘)!Q"I: ]ZKV}‘L 110‘ 1°E IZDVZ"L 120‘}“}_ lZD,‘d“I—_ ]ZD’S"E 120!6“!: 1 19‘9"E 12!‘)“]2 IZDVI"E lZﬂ!T‘E 1205“]5 llD‘A“E lZD,‘S“E lZﬂ‘G"E
c) Spatial distribution of DIN in May 2013 (d) Spatial distribution of DIN in November 2015

Figure 4. Spatial distribution of dissolved inorganic nitrogen (DIN) in the study area from 2010
to 2015 (unit: mg/L)
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Figure 5. Spatial distribution of dissolved inorganic phosphorus (DIP) in the study area from
2010 to 2015 (unit: mg/L)
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Table 4. The single-factor pollution index of dissolved inorganic nitrogen (DIN) and
dissolved inorganic phosphorus (DIP)

Item Time

2010.5 2012.10 | 20135 | 2015.11

Maximum 5.021 8.073 7.598 4.622

DIN qulution Minimum 2.931 2.562 1.531 1.067
index Mean 3.963 4.256 2.949 2.371

Rate of exceeding the standard 100% 100% 100% 100%

Maximum 1.267 2.687 2.687 7.067

DIP qulution Minimum 0.707 1.207 0.907 0.793
index Mean 1.037 1.909 1.370 2.310

Rate of exceeding the standard 61.9% 100% 86.3% 90.9%

According to the Level-I water quality standards detailed in the “Sea Water Quality
Standard,” the pollution index (Eq. 1) of DIP in 2010 ranged from 0.707 to 1.267,
averaging 1.037, and the rate of exceeding the standard stood at 61.9%. In 2012, the
pollution index ranged from 1.207 to 2.687, averaging 1.909, and the rate of exceeding
the standard was 100%. In 2013, the index ranged from 0.907 to 2.760, averaging 1.439,
and the rate of exceeding the standard was 87.5%. In 2015, the range of the index was
from 0.793 to 7.067, averaging 2.310, and the rate of exceeding the standard was 90.9%
(Table 4). The ratio of the measured index to the standard presented a fluctuating
pattern, with the value in autumns higher than in springs.

Trophic state analysis

Table 5 and Figure 6 show the analysis results of the trophic state index (TSI, Eq. 2)
in the study area from 2010 to 2015. In May 2010, the TSI of the study area ranged
from 3.314 to 5.015, with a mean index of 4.135, and the area was identified as
eutrophic according to the division standard of nutrition levels. In October 2012, the
index changed between 2.864 and 7.509, averaging 4.427, and the area was identified as
being between mesotrophic and eutrophic, with an overall tendency towards the
eutrophic level. In May 2013, the index ranged from 1.928 to 7.027, averaging 3.227,
and the area was identified as being between oligotrophic and eutrophic, with an overall
tendency towards the eutrophic level. In November 2015, the index ranged from 2.018
to 7.792, with the mean standing at 3.974, and the area was identified as being between
the mesotrophic state and the eutrophic state, with an overall evaluation as eutrophic.
From 2010 to 2015, the TSI value of Zhongshan estuary was significantly higher than
the average value of the study sea area and other estuaries values (Fig. 7).

According to the analysis from the angle of time (Table 5), it can be seen that from
2010 to 2015, the average TSI fluctuated but remained above 3 and the area was
identified as eutrophic. According to analysis from the angle of spatial distribution
(Fig. 8), the TSI of areas near the shore were higher than those far away in the sea and
presented a declining trend from the shore to the sea, with high TSIs occurring in waters
close to the estuaries. In 2010, the TSI isolines resembled the shape of a saddle; the
Zhongshan River estuary and the Abandoned Yellow River estuary had the highest and
similar TSIs. In 2012, areas from the Zhongshan River estuary to the shore of the port had
the highest TSIs and the index declined outwards from the estuary to the sea. High TSlIs
also occurred in the Abandoned Yellow River estuary, but the values were generally
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smaller than those in the Zhongshan River estuary. In 2010 and 2012, the researched
waters were essentially eutrophic. In 2013 and 2015, the TSI improved compared with
2012 and severe organic pollution only occurred in Zhongshan estuary and the
Abandoned Yellow River estuary no longer showed high organic pollution. The area of
eutrophic waters shrank and nearly half of the waters were in a mesotrophic state.

Analysis of eutrophication condition

According to the calculated eutrophication indices of the study area from 2010 and
2015 (as shown in Table 5 and Fig. 9), the eutrophication index (Eq. 3) in this area
ranged from 2.114 to 7.798, with a mean index of 4.419 in May 2010, and hence the
area was identified as in a state between slight-eutrophic and moderate-eutrophic. In
October 2012, the index fluctuated between 2.802 and 29.135, with the mean standing
at 8.871, so the area as identified as being in a state between slight-eutrophic to severe-
eutrophic. In May 2013, the range of the index was from 0.907 to 23.134, with the mean
standing at 4.556, so the study area was identified as being in a state between
oligotrophic to severe eutrophic. In November 2015, the index fluctuated from 0.717 to
29.229, with the mean standing at 7.252, so the study area was identified as being in a
state between oligotrophic and severe eutrophic. From 2012 to 2015, the EI value of
Zhongshan estuary was significantly higher than the average value of the study sea area
and other estuaries values (Fig. 7).
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Figure 6. Statistical charts of TSI and EI from 2010 to 2015 in study area
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Table 5. Trophic state index (TSI) and eutrophication index (EI) over years

TSI El
Time Category Scale | Nutrition level | Scale Eutrolg\r/]é?atlon
Maximum 5.015 Eutrophic 7.798 | Moderate-eutrophic
Study area Minimum 3.314 Eutrophic 2.114 Slight-eutrophic
Mean 4.135 Eutrophic 4.419 | Moderate-eutrophic
20105 Zhongshan River estuary 4.954 Eutrophic 3.382 | Moderate-eutrophic

Abandoned Yellow River estuary | 4.730 Eutrophic 6.558 | Moderate-eutrophic
Northern Jiangsu Irrigation Canal

4.457 Eutrophic 7.798 | Moderate-eutrophic

estuary
Maximum 7.509 Eutrophic 29.135 | Severe-eutrophic
Study area Minimum 2.864 Mesotrophic 2.802 Slight-eutrophic
Mean 4.427 Eutrophic 8.871 | Moderate-eutrophic
2012.10 Zhongshan River estuary 7.509 Eutrophic 29.135 | Severe-eutrophic

Abandoned Yellow River estuary | 4.643 Eutrophic 11.063 | Severe-eutrophic
Northern Jiangsu Irrigation Canal

3.514 Eutrophic 5.811 | Moderate-eutrophic

estuary
Maximum 7.027 Eutrophic 23.134 | Severe-eutrophic
Study area Minimum 1.928 Oligotrophic 0.907 Oligotrophic
Mean 3.227 Eutrophic 4.556 | Moderate-eutrophic
20135 Zhongshan River estuary 7.027 Eutrophic 23.134 | Severe-eutrophic

Abandoned Yellow River estuary | 2.733 Mesotrophic 2.868 Slight-eutrophic
Northern Jiangsu Irrigation Canal

3.159 Eutrophic 2.791 Slight-eutrophic

estuary
Maximum 7.792 Eutrophic 29.229 | Severe-eutrophic
Study area Minimum 2.018 Mesotrophic 0.717 Oligotrophic
Mean 3.974 Eutrophic 7.252 | Moderate-eutrophic
2015.11 Zhongshan River estuary 7.792 Eutrophic 29.229 | Severe-eutrophic

Abandoned Yellow River estuary | 4.253 Eutrophic 9.787 | Severe-eutrophic

Northern Jiangsu Irrigation Canal
estuary

4.855 Eutrophic 11.092 | Severe-eutrophic

From 2010 to 2015, the mean of the eutrophication index indicated a moderate-
eutrophic state of the study area, but the highest reading of the index witnessed a
significant rise from 2010 to 2012, and the years from 2012 to 2015 marked the largest
value of the maximum index, which reflected the fact that part of the researched waters
suffered from severe eutrophication. The spatial distribution of the eutrophication index
was in alignment with that of the trophic state index.

Potential eutrophication evaluation

The concentration and makeup of nutrients are of significant importance for the
growth of phytoplankton and the N/P ratio is a vital indicator of the makeup of
nutrients. When the N/P ratio equals 16:1, the waters provide the necessary conditions
for the phytoplankton to growth; a smaller ratio will limit the growth of the
phytoplankton and a larger ratio will make phosphorus the decisive factor for the
phytoplankton’s growth.
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According to the observed data regarding concentrations of DIN and DIP from 2010 to
2015, this study analyzed the potential eutrophication conditions of the study area, as
shown in Table 6. In May 2010, the N/P ratio of the study area stayed between 108.818
and 318.031, with the mean standing at 176.680, so the whole area was in a state of
phosphorus-limited potential eutrophication. In October 2012, the N/P ratio of the study
area was between 30.654 and 97.282, with the mean standing at 65.433, and the waters
was in a state between medium-phosphorus-limited potential eutrophication and
phosphorus-limited potential eutrophication. In May 2013, the N/P ratio was between
45.893 to 83.433, with the mean standing at 60.639, so the researched waters were in a
state between medium-phosphorus-limited potential eutrophication and phosphorus-
limited potential eutrophication. In November 2015, the N/P ratio of the study area was
between 18.636 and 54.377, with the mean standing at 32.234, so the study area was in a
state of medium-phosphorus-limited potential eutrophication and medium-eutrophication.

Table 6. Result of potential eutrophication evaluation over years

DIN DIP
(mg/L) | (mg/L)
Maximum| 1.0041 | 0.019 |318.031| VIp | Phosphorus-limited potential eutrophication
2010.5 | Minimum | 0.5862 | 0.0106 |108.818| VIp | Phosphorus-limited potential eutrophication

Mean 0.7926 | 0.0156 |176.680| VIp | Phosphorus-limited potential eutrophication
Maximum| 1.6146 | 0.0403 | 97.282 | VIp | Phosphorus-limited potential eutrophication

Time | Category N/P |Level Nutrition level

2012.10 | Minimum | 0.5123 | 0.0181 | 30.654 | v, | Medium- phosphorus-limited potential
eutrophication

Mean 0.8513 | 0.0286 | 65.433 | VIp | Phosphorus-limited potential eutrophication
Maximum| 1.520 0.041 | 83.433 | VIp | Phosphorus-limited potential eutrophication

20135 | Minimum | 0.306 | 0.014 | 49.804 | v, | ™Medium-phosphorus-limited potential
eutrophication

Mean 0.602 0.022 | 61.712 | VIp | Phosphorus-limited potential eutrophication

Medium- phosphorus-limited potential
eutrophication

2015.11 | Minimum | 0.213 0.012 | 18636 | I Mesotrophic

Maximum| 0.924 0.106 | 54.377 | Vp

Medium- phosphorus-limited potential

Mean 0.474 0.035 | 32.234 | Vp >
eutrophication

From 2010 to 2015, the N/P ratio of the researched waters presented a declining
trend and the area shifted from phosphorus-limited potential eutrophication to medium-
phosphorus-limited potential eutrophication. In the study area, there was excessive
nitrogen and deficient phosphorus, but the gap between the content of these two
nutrients was narrowing. Once the content of phosphorus rises due to an increased
discharge of pollutants from outfalls or rivers, the area will be very likely to suffer from
eutrophication.

Analysis of causes

According to the characteristics of the temporal distribution, the content of nutrients
and the eutrophication level in the study area were higher in autumns than in springs,
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which was largely because the phytoplankton begins reproduction and consumes
nitrogen and phosphorus in springtime (Li et al., 2018; Sun et al., 2016).

According to the spatial distribution of nutrients and the conditions of eutrophication,
the nutrient content declined from the shore to the sea and from north to south, with the
estuary marking the highest content. Inside the northern seawall of the study area are
coastal industrial parks and aquaculture plants, and outside the seawall are outfalls and
berths. Effluents of these human activities discharged into the sea influence the water
quality along the northern coastline. As for the southern part of the study area, inside the
seawall are farmlands, which produce relatively less pollutants.

The eutrophication level of the study area is largely subject to the pollutants
discharged to the sea from the rivers. Industrial effluents, urban sewage, and agricultural
wastewater that are rich in such nutrients as nitrogen and phosphorus enter the sea from
the Zhongshan River, the Abandoned Yellow River, and the Northern Irrigation Canal
of Jiangsu, which increases the content of nutrients in the study area, exacerbates
eutrophication, and gives rise to high-content areas that radiate from the estuaries.

The area and condition of high content of nutrients at the estuary vary with the
conditions of discharge from the river. Channels of the Zhongshan River, the
Abandoned Yellow River, and the Northern Irrigation Canal of Jiangsu are all gate-
controlled channels, so the monitored content of pollutants in the waters near the
estuaries was correlated to the status of the gate (i.e. whether the gate was open or not).
The salinity of the sea near the estuary during investigations reflected the conditions of
discharge of fresh water from the rivers. According to the result of the salinity
investigation performed in 2010 (Fig. 10), a low-salinity area occurred in the waters
close to the estuaries of these three rivers, which meant that the gates of these three
rivers were open at that time. As a result, the estuaries marked the highest content of
nutrients and highest level of eutrophication in the study area in 2010. According to the
salinity map of 2015 (Fig. 10), waters surrounding the Zhongshan River estuary showed
low salinity and waters surrounding the other two estuaries did not, which means the
gates of the other two rivers were closed at the time of investigation and thus there was
no discharge of freshwater into the sea from these two rivers. Consequently, the high
content of nutrients only occurred around the Zhongshan River estuary in 2015. In
short, pollutants from the rivers and effluents from production activities along the
coastline and the nearby continent are major factors that determine the concentration of
nutrients and the level of eutrophication in the study area (Hu et al., 2016; Zhang et al.,
2018).
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Figure 10. Spatial distribution of salinity in the study area in May 2010 and November 2015
(unit: %o)
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According to the China Marine Environmental Quality Bulletin of 2015, China’s
marine pollution areas were mainly distributed in Liaodong Bay, Bohai Bay, Laizhou
Bay, Jiangsu coast, Yangtze Estuary, Hangzhou Bay, Zhejiang coast, Pearl River
Estuary. The main pollution factors were inorganic nitrogen, active phosphate and
petroleum. Inorganic nitrogen and active phosphate had become the main pollution
factors in China’s coastal areas, and the problem of seawater eutrophication was grim.
Areas with serious eutrophication were mainly concentrated in estuaries, bays and
coastal waters. Land-source pollutants from rivers entering the sea and coastal
development activities were the main reasons for eutrophication (Chen et al., 2017; Dai
et al., 2016; Li et al., 2018; Sun et al., 2016). Eutrophication had become a water
environment problem in coastal waters of China.

Based on four-time water quality data of the Abandoned Yellow River Delta, this
study analyzed the trend and distribution characteristics of nutrients in this area. For
long-term eutrophication changes, distribution rules and characteristics, continuous
monitoring and further analysis of the water quality are still needed in the abandoned
Yellow River Delta. For the reasons of eutrophication, this paper makes a preliminary
discussion. In the future, quantitative research should be strengthened on the extent and
scope of impacts of human activities especially rivers, on eutrophication in coastal
waters. In view of the eutrophication problem in coastal areas, it is necessary to reduce
the amount of nutrients into the sea from the river and strengthen the regulation of
sewage discharge from coastal development activities.

Conclusion

According to this study, the following conclusions are reached.

First, in 2010, 2012, 2013 and 2015, the average DIN concentration in the study area
first increased and then declined, and the average DIP concentration followed a
fluctuating trend, with the concentration higher in autumns than in springs. The DIN
concentration in all the years of investigation exceeded the standard concentration for
Level-1 sea water and the rate that the DIP concentration exceeded the standard was
between 61.9% and 100%.

Second, the mean of the trophic state index remained above 3 over the years of
investigation and the study area was in a eutrophic state. The mean of TSI fluctuated,
with the value higher in autumns than in springs.

Third, the mean of the eutrophication index over the years of investigation indicated
that the researched waters were in the medium-eutrophic state; the maximum of the
eutrophication index increased from 2010 to 2012, and from 2012 to 2015, it remained
relatively high, which means that part of the researched waters were subject to severe
eutrophication, with the estuaries marking the most eutrophic areas.

Fourth, there is an excess of nitrogen and a deficiency in phosphorus in the study
area, but the N/P ratio declined from 176.680 in 2010 to 32.234 in 2015, which means
the gap between the content of nitrogen and that of phosphorus narrowed and that the
researched waters shifted from a state of phosphorus-limited eutrophication to medium-
phosphorus-limited eutrophication. If the content of phosphorus rises due to the
discharge of pollutants and effluents from rivers, the study area will in all likelihood
suffer from eutrophication.

Lastly, according to the analysis from the perspective of time, the content of nutrients
and the level of eutrophication in the study area is higher in autumns than in springs,
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which is largely because the phytoplankton begins reproduction and consumes such
nutrients as nitrogen and phosphorus during this time. According to the analysis from
the perspective of spatial distribution, the content of nutrients and level of
eutrophication declines from the land outwards and from north to south, with the
estuaries marking the highest values. Pollutants from rivers and effluents from human
activities along the coastline and in the adjacent land to the sea are major factors that
determine the temporal and spatial distribution of the content of nutrients and level of
eutrophication in the waters of the Abandoned Yellow River Delta.
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