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a b s t r a c t
The aim of this study was to investigate the relationship between the water quality factors of Lake 
Wuzhou. This was achieved through an analysis of the annual dynamics of the water quality of Lake 
Wuzhou. This study also aimed at revealing the annual response mechanism of water factors, which 
not only includes the ecological theoretical significance, but also the extensive practical application 
potential for the management and evaluation of aquatic ecosystems in small water bodies. A total 
of 11 sampling points were chosen in Lake Wuzhou waters to collect sub-surface 2017, July 2017, 
September 2017 and November 2017 January 2018, and March 2018. After sample collection, pH, 
biochemical oxygen demand (BOD), chemical oxygen demand (COD), ammonia nitrogen (NH3–N), 
total nitrogen (TN), total phosphorus (TP), nitrate–nitrogen (NO3–N), and chlorophyll-a (Chl-a) 
were analyzed. The findings for the annual dynamics of water quality in Lake Wuzhou were as fol-
lows: (1) COD and BOD parameters were consistent except for those in March 2018 and May 2017 
which were significantly lower than those for the other months; the annual dynamics findings for 
May 2017, September 2017 November, and January 2018 show an increasing trend. The results for 
TN and TP water quality parameters also show consistency for all the months except for those in 
January and March which are significantly lower than those in the other months. NH3–N is signifi-
cantly lower in March and September than those in the other months. The results for NO3–N and 
Chl-a demonstrate high consistency for all the months except for those in November which were 
significantly higher than those in the other months while the results for May were significantly 
lower than those in other months. (2) BOD test measurements indicated that Lake Wuzhou water 
bodies are classified as class V water in the month of March 2018 and May 2017 but the results 
for BOD test measurements for all the other months indicated inferior class V water. The annual 
results for COD, NH3–N, TN and TP of the water of Lake Wuzhou indicate an inferior class to class 
V water and this demonstrates that they are severely eutrophic water bodies. Carlson trophic state 
index was used to assess the nutritional status of water and the measurements led to the conclu-
sion that Lake Wuzhou is severely eutrophic. (3) The correlation results of water quality factors of 
Lake Wuzhou waters were as follows: there is an extremely significant positive correlation between 
Chl-a and BOD, COD, TN, TP, NH3–N, a significant negative correlation between pH and TN, TP, 
NO3–N (p < 0.05), and an extremely significant negative correlation between NO3–N and NH3–N. 
In conclusion, Lake Wuzhou demonstrates a high presence of eutrophication which is driven by 
the accumulation of nutrients. To control the eutrophication, it is recommended that the density of 
reed communities should be increased while the density of lotus communities should be reduced.
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1. Introduction

Eutrophication of water bodies has been identified as an 
environmental issue of global concern [1,2]. The cause and 
sensitivities of eutrophication differ in various water bodies 
including oceans, lakes, rivers, and reservoirs. Considering 
that, there is a close correlation with hydrology, hydrody-
namics and food webs and it should be noted that most of 
these water bodies contain nutrient substances like nitro-
gen and phosphorus [1–3]. In China, biochemical oxygen 
demand (BOD) and chemical oxygen demand (COD) are 
the main indicators of water quality. Phytoplankton plays 
an important role in the aquatic ecosystem. As an indica-
tor species, it is extremely sensitive to the pollutants in 
the water environment, which serves as an essential indi-
cator reflecting the characteristics and quality of the water 
environment, and therefore it has wide application in 
monitoring and evaluation of the water environment [4,5]. 
Chlorophyll-a (Chl-a) is a critical component of phytoplank-
ton [6]. The content of Chl-a in a water body is an important 
indicator for describing and classifying water body nutrient 
status and for studying the water habitat, therefore, playing 
an important role in the evaluation of eutrophication [7,8]. 
Researchers from all over the world have reported different 
correlation results between Chl-a and other water quality 
parameters such as nitrogen and phosphorus [9,10].

Presently, small water bodies including ponds, small 
lakes, low-level streams, ditches, and springs, form a major 
part of the world’s freshwater environment, but most of 
them are excluded from water resources management 
planning activities and are rarely investigated [11]. Lake 
Wuzhou, which is located right ahead of the office build-
ing of Linyi Administrative Center, Shandong Province, 
China, is a famous sightseeing and recreational lake in Linyi 
City. This paper investigates the relationship between Chl-a 
and other water quality factors of Lake Wuzhou through 
analysis of the annual dynamic characteristics of waters 
of Lake Wuzhou determining the annual response mech-
anism of water factors, which not only carries ecological 
theoretical significance but also impacts on the extensive 
practical application potential for the management and 
evaluation of aquatic ecosystems in the small water bodies.

2. Materials and methods

2.1. Overview of the research basin

Lake Wuzhou, with geographical coordinates of 118.35°E, 
35.10°N, has an area of 26 hm2 and a water area of 13 hm2. The 
average depth of the lake is 2 m. Belonging to a semi-closed 
urban shallow water body, Lake Wuzhou was put into use in 
July 2009. The water renewal and source mainly depend on 
the natural rainfall and artificial infusion and therefore there 
is limited environmental capacity and poor self-purification 
ability. When Lake Wuzhou was first built, the water was 
clear and sparkling, presenting a beautiful landscape. 
However, algal bloom with slight an odor nowadays often 
appears on the surface of Lake Wuzhou, and aquatic plants 
wither now and then, breeding mosquitoes and files. As an 
artificial lake, Lake Wuzhou supports a sensitive and fragile 
ecosystem at stake. The samples were collected during May 
(wet seasons), July (wet seasons), September (wet seasons), 

and November (dry seasons) in 2017, and January (dry sea-
sons) and March (dry seasons) in 2018.

2.2. Water sample collection and laboratory procedures

In this survey, a total of 11 sampling points were set up 
in Lake Wuzhou, with one on the two shoulders and cen-
ter of the heart-shaped lake in the north respectively, two at 
the east entrance, one in the west, three in the middle of the 
lake, and two in the southwest of the lake (Fig. 1). A 2.5 L 
clean plastic bucket was used to collect surface water sam-
ples (sampling depth 0.5 m) to be sent to the laboratory for 
water quality analysis, including pH, 5 d BOD, COD, total 
nitrogen (TN), total phosphorus (TP), ammonia nitrogen 
(NH3–N), NO3–N, and Chl-a.

The pH was measured using a portable waterproof pH 
meter consisting of a glass electrode. BOD was determined by 
dilution and inoculation method using a 25 mL acid burette. 
COD was measured by the dichromate method using a 
50 mL acid burette. NH3–N and TP were measured with the 
help of Nessler reagent spectrophotometry and ammonium 
molybdate spectrophotometry using DR2008 visible spec-
trophotometer. TN was analyzed using a UV-1750 ultravi-
olet-visible spectrophotometer. NO3–N was analyzed by ion 
chromatography using an ICS-90A ion chromatograph. Chl-
content was quantified through acetone spectrophotometry.

2.3. Data analysis

Statistical analysis was performed on the acquired data 
using statistical package for social sciences (SPSS) software 
19.0 Chinese version which includes statistical tools for com-
puting independent sample t-test, one-way ANOVA, and 
correlation analysis.

3. Results

The pH results of Lake Wuzhou range from 7.18–8.27 
throughout the year except for the high annual fluctuations 

Fig. 1. Sampling sites in Lake Wuzhou.
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in January, March and July during which the pH recorded 
was significantly higher than that of May, September, and 
November (p < 0.01) (Fig. 2a).

The COD test measurements of Lake Wuzhou ranged 
from 10.71–44.95 mg L–1 throughout the year except for, the 
high annual fluctuations in March and May during which 
the COD recorded was significantly lower than that in the 
other months. The COD results recorded in May, September, 
November, and January also exhibited an increasing trend 
(p < 0.01) (Fig. 2b).

The BOD results of Lake Wuzhou ranged from 33.00–
17.91 mg L–1 throughout the year, except for high annual 
fluctuations in March and May during which the BOD 
recorded was significantly lower than that in the other 
months. The BOD results recorded in May, September, 
November, and January also exhibited an increasing trend 
(p < 0.01) (Fig. 2c).

The TN concentration of Lake Wuzhou was found to 
range from 7.97–20.43 mg L–1 throughout the year except 
for the high annual fluctuations observed in January and 
March during which the TN concentration recorded was 
significantly lower than that of the other months (p < 0.01) 
(Fig. 2d).

The TP concentration of Lake Wuzhou was found to 
range from 0.41–2.13 mg L–1 throughout the year except 
for the high annual fluctuations recorded in January and 
March during which the TP concentration recorded was 
significantly lower than that in the other months (p < 0.01) 
(Fig. 2e).

The NH3–N concentration of Lake Wuzhou was found 
to range from 3.29–13.21 mg L–1 throughout the year except 
for the high fluctuation recorded in March and September 
during which the NH3–N concentration recorded was 
significantly lower than that in the other months (p < 0.01) 
(Fig. 2f).

The NO3–N concentration of Lake Wuzhou was found 
to range from 0.09–29.70 mg L–1 throughout the year except 
for the high annual fluctuations recorded in September 
and November during which the NO3–N concentration 
recorded was significantly higher than that in the other 
months, while the NO3–N concentration recorded in May 
was significantly lower than that in other months (p < 0.01) 
(Fig. 2g).

The level of Chl-a recorded from Lake Wuzhou was 
found to range from 45.79–318.79 μg L–1 throughout the 
year except for the high annual fluctuations in November 
during which the level of Chl-a recorded was found to be 
significantly higher than that in the other months while that 
recorded in May was significantly lower than that in the 
other months (p < 0.01) (Fig. 2h).

3.1. Water quality evaluation

The BOD, COD, NH3–N, TN and TP test results were 
used to evaluate water quality of Lake Wuzhou according 
to China’s Environmental Quality Standards for surface  
water.

As indicated by the BOD test measures, the water quality 
of Lake Wuzhou is barely class V in March and May and 
exhibits inferior class V water quality in the other months. 
As shown by the COD, NH3–N, TN and TP results, the water 
quality of Lake Wuzhou is even worse throughout the year 
being inferior class V water quality and severely eutrophic.
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Fig. 2. Annual dynamics (±standard error) of water environmen-
tal factors in Lake Wuzhou (a) pH, (b) BOD, (c) COD, (d) TN, (e) 
TP, (f) NH3–N, (g) NO3–N, and (h) Chl-a.
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The Carlson trophic state index (CTSI) [12] was used to 
assess the nutritional status of water and the results showed 
that: CTSI (Chl) = 80.14, CTSI (TP) = 107.92 indicating that 
the water quality of Lake Wuzhou is severely eutrophic.

3.2. Correlation of water environmental factors

For correlation results of water quality factors of Lake 
Wuzhou (Table 1), there is an extremely significant positive 
correlation between Chl-a and BOD, COD, TN, TP, NH3–N 
concentrations, a significant negative correlation between 
pH and TN, TP, NO3–N (p < 0.05) concentrations, and an 
extremely significant negative correlation between NO3–N 
and NH3–N concentrations. The water quality parameters of 
Lake Wuzhou are also related to precipitation and tempera-
ture (Fig. 3).

4. Discussion

Studies conducted on the water bodies of Wuliangsuhai 
[13] and Baiyangdian [14] in China show that lotus cultiva-
tion can significantly improve water quality by markedly 
inhibiting the growth of algae in water bodies. At present, 
in some parts of Lake Wuzhou waters, high-density lotuses 
and very low-density reeds are planted resulting in highly 
eutrophic water bodies. The findings of small water bod-
ies in Lake Wuzhou are contrary to that of the two large 
and medium-sized water bodies of Wuliangsuhai [13] and 
Baiyangdian [14] in China. Similar to the conclusion made 
for these water bodies, the lotus can effectively increase 
BOD, COD, and Chl-a concentrations in Yihe River Urban 
Wetlands [15,16]. This may be because lotus density stim-
ulates the hormesis effect on algae found in water bodies 
[1] while reeds can significantly lower BOD, COD, TN, 
NO3, and Chl-a concentrations [15,16] and Lake Wuzhou 
happens to have high-density lotus. Studies on various 
eutrophic shallow lakes such as Barton Broad, in the United 
Kingdom [17], and Lake Tai, in China [18], indicate that a 
suitable nitrogen-phosphorus ratio will boost the growth 
and outbreak of phytoplankton blooms in a water body. 
Currently, Lake Wuzhou has a nitrogen-phosphorus ratio 
of 11.23, which indicates a suitable site for the growth and 
outbreak of phytoplankton. This leads to the conclusion 
that eutrophication in Lake Wuzhou, is driven by nutrient 
accumulation in form of a suitable nitrogen-phosphorus 

ratio. It is therefore advisable to increase the area and den-
sity of reed communities while reducing the density of lotus 
communities.

The summary of the annual dynamics of water quality 
factors of Lake Wuzhou waters are as follows: COD and 
BOD concentrations are consistent throughout the year 
except for, March and May during which the COD and 
BOD concentrations are significantly lower than those in 
the other months. An increasing trend in the concentration 
is also shown for May, September, November, and January. 
TN and TP concentrations are consistent throughout the 
year except for January and March during which the TN 
and TP concentrations are significantly lower than those 
in the other months. The concentration of NH3–N is sig-
nificantly lower in March and September than in the other 
months. NO3–N and Chl-a concentrations are generally con-
sistent throughout the year except for November during 
which the concentrations of NH3–N is significantly higher 
than those in the other months and those in May are signifi-
cantly lower than those in the other months. The content of 
Chl-a in Lake Wuzhou is higher in autumn and summer and 
lower in winter and spring. This observation is similar to 

Table 1
Correlation of environmental factors in Lake Wuzhou waters

pH COD BOD TN TP NH3–N NO3–N Chl-a
pH 1.000
COD –0.048 1.000
BOD –0.003 0.984** 1.000
TN –0.521** 0.687** 0.657** 1.000
TP –0.418** 0.789** 0.748** 0.917** 1.000
NH3–N –0.213 0.699** 0.691** 0.808** 0.849** 1.000
NO3–N –0.277* –0.166 –0.203 0.110 –0.061 –0.335** 1.000
Chl-a –0.159 0.686** 0.678** 0.645** 0.664** 0.714** –0.153 1.000

*p < 0.05; **p < 0.01
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Fig. 3. Air temperature and precipitation near Lake Wuzhou.



Y. Gao, Y. Zhao / Desalination and Water Treatment 202 (2020) 264–268268

that of the Miyun Reservoir in China [19], but different from 
the lakes Michigan and Huron in the USA [20]. In particu-
lar, the content of Chl-a in Lake Wuzhou is the highest in 
autumn, which is contrary to that of Lake Vela in Portugal 
[21] which is the highest in spring. This could indicate that 
the pocket water bodies like Lake Wuzhou are more likely 
to be limited by water temperature and nutrients than by 
precipitation [22].

Based on our recommendations, Linyi Municipal gov-
ernment has constructed a water source pipeline for Lake 
Wuzhou. On December 3, 2019, the Lake Wuzhou water 
diversion pipeline project was completed. The water 
from Liuqing River now enters the water diversion pipe-
line through the water diversion gate and flows into Lake 
Wuzhou resulting in a continuous supply of clear water.

5. Conclusion

•	 From the annual dynamics of water quality evaluation 
of Lake Wuzhou, as shown by the BOD concentration, 
the water in Lake Wuzhou is barely classified as class 
V in March and May and is classified as inferior class V 
water in all the other months. As indicated by the COD, 
NH3–N, TN and TP concentration, the water quality of 
Lake Wuzhou is of inferior class V indicating that it is 
severely eutrophic. The CTSI was used to evaluate the 
nutritional status of water and Lake Wuzhou was found 
to be severely eutrophic.

•	 The correlation results of the water quality factors of 
Lake Wuzhou waters are as follows: there is an extremely 
significant positive correlation between the Chl-a and 
BOD, COD, TN, TP, NH3–N concentrations (p < 0.01), a 
significant negative correlation between the pH and TN, 
TP, NO3–N concentrations (p < 0.05), and an extremely 
significant negative correlation between NO3–N and 
NH3–N concentrations.
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