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The asynchrony of urban expansion and urban water environmental protection
isa common problem in the process of urbanization. Although urban expansion
results in population agglomeration and dramatic changes of land use, it also
brings municipal water infrastructures to enhance the water quality of urban
water bodies. In order to understand the relationship between water quality and
urban expansion and water environmental management, total nitrogen (TN)
and total phosphorus (TP) concentrations were measured, which were taken
from 68 small urban water bodies in three distance bands (<5 km, 5-10 km
and >10 km away from the city center of Changsha City, China) and four main
water management types of protection, recovery, degradation and fisheries.
The results showed that: 1) with increase in distance away from the city center,
TN and TP concentrations in small water bodies and the percentage of polluted
samples (IV ~ inferior V) showed an increasing trend. 2) The degree of protection
of small urban water bodies in the study area has not been synchronistic with
urban expansion. The protected water bodies (long-term protected and
recovering) are mainly distributed in the <5km distance band, and
anthropogenic disturbances (degraded water bodies and small water bodies
used for fish farming) were mainly distributed in the 5-10 km and >10 km
distance bands. Also, degraded and fish-managed water bodies had higher TN
and TP contents than protected and recovering water bodies, but their TN:TP
ratios were significantly lower. 3) Overall, urban expansion and water body
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management contributed 55.8% of the variance of TN and TP concentrations
and TN:TP ratios in the study area. Water body management alone contributed
22.2%, which was higher than the contribution of urban expansion (7.6%). This
shows that the insufficient application of water environmental protection
measures has significantly changed the spatial distribution patterns of N and
P concentrations and TN:TP ratios in urban small water bodies as the Changsha
urban area has expanded. In the process of urban expansion, the simultaneous
development of urban water ecological management is essential to ensure the

health protection of the urban water environment.

KEYWORDS

urban expansion, water environmental protection, small water bodies, spatial pattern,
nitrogen and phosphorus, TN:TP ratios

Introduction

Inland water bodies shape the spatial pattern of global terrestrial
ecosystems. Quantitatively, small water bodies such as lakes, reservoirs,
and ponds with an area of smaller than 1 km” constitute the majority of
the water contained in inland water bodies in the world (Downing
et al., 2006). Small water bodies are vulnerable to human disturbance
and environmental change, and are hot spots for global biogeochemical
cycle processes (Downing, 2010). Small urban water bodies provide
diversified ecological services and functions such as water conservation,
sand control, water purification, fishing and leisure sightseeing, which
are of great significance to the development of urban ecological
environments and culture (Fu et al., 2018).

Urban expansion is characterized by expansion of the urban
geospatial environment and an increase in urban population. While
urban expansion promotes social and economic development, it also
brings potential impacts to the urban ecological environment,
including the atmosphere, water, and soil (Miller and Hutchins,
2017; Wang et al, 2019; Wang et al, 2021). Among these
impacts, the shrinking and fragmenting of urban water bodies
caused by urban expansion have aggravated the deterioration of
urban water quality, making urban aquatic ecosystems one of the
most threatened ecosystems in the process of urbanization (Wang
et al, 2019; Yang et al, 2020). Studies have shown that increases in
impervious areas during rapid urbanization resulted in rapid
deterioration of surface water quality and elevated nitrogen (N)
and phosphorus (P) concentrations (Paul and Meyer, 2001; Brabec
et al, 2002; Song et al,, 2020). In general, urban expansion brings
negative impacts on urban water bodies such as water quality
deterioration and algal blooms by affecting the connectivity of
small urban water bodies and migration and accumulation of N
and P pollutants (He et al,, 2008; Wang et al, 2019; Yang et al., 2020).
However, although urban expansion exacerbates agglomeration of
population and dramatic changes in land use, it also brings about
municipal water conservancy infrastructure that can have positive
benefits to urban aquatic ecosystems. The positive benefits brought by
the improvement of urban water conservancy supporting municipal
facilities (especially sewage treatment facilities) are evident. For
example, with the progress of urbanization from 2008 to 2017, the
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P concentration in urban lakes in China decreased, the N
concentration was stable, and the TN:TP ratio showed an
increasing trend (Tong et al,, 2018, 2020). Therefore, the concept
of simply characterizing urban expansion as having negative effects on
urban water bodies is erroneous to some extent. The impact of urban
expansion on the water quality of urban aquatic ecosystems should be
systematically evaluated in combination with urban water
environmental managements.

Studies have shown that TN:TP ratio has an important influence
on the structure and function of aquatic ecosystem (Sterner, 2011),
and TN:TP ratio is also used to identify the types of N or P limitation
in water nutrient status (Downing, 2010; Schindler et al.,, 2008). When
TN:TP < 20, the supply of N is the limiting factor for growth of
aquatic organisms. When 20 < TN:TP < 50, N and P are jointly
limiting, and when TN:TP > 50, P is the limiting nutrient (Guildford
and Hecky, 2000; Qin et al, 2020). The study of the changing
characteristics of TN:TP ratio in water bodies can help to
understand the occurrence pattern of nitrogen and phosphorus
pollution in water bodies.

In the 1950s and 1970s, to ensure adequate water for agricultural
irrigation, China carried out large-scale excavation and construction
of small ponds and reservoirs; this resulted in artificially constructed
small water bodies across the country, especially in southern China
(Chen et al,, 2019). In recent decades, the number and area of small
water bodies in China have changed significantly due to climate
change, flood damage, sludge blockage, anthropogenic landfills and
other destructive activities, especially in urban small aquatic
ecosystems (Yang and Lu, 2014; Chen et al, 2019). By
comparing remote sensing data for China in 2005-2006 with
data from the 1960s-1980s, it was found that 243 small water
bodies had disappeared (Ma R. et al., 2010; Ma R. H. et al,, 2010), and
by 2015 there were 333 several small lakes that had disappeared,
mainly in eastern China (Zhang et al., 2019).

As one of the important megacities in southern China, Changsha
city is rich in water resources and has a large number of small water
bodies. In the past 30 years, Changsha’s urban expansion has been
rapid, and the urban land use has changed dramatically. The water
quality of the urban aquatic ecosystem has been significantly affected.
To protect the urban ecological environment, the municipal
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government of Changsha launched the “Urban Surface Water
Protection Plan of Changsha city (Blue Line) (2006-2020)" in
2007 and began to implement the “Opinions on The
Implementation of the River Chief System” promulgated by the
government in 2016. However, like other rapidly urbanizing cities
in China, the promulgation and implementation of water
environmental protection policies in Changsha have not kept pace
with urban expansion. Affected by factors such as economic
conditions and social influence, the water environmental
protection resources in Changsha are concentrated in the city
center, while the water environmental protection resources
allocated in the suburban areas are inadequate. This paper takes
Changsha City as an example to study the impact of the
uncoordinated urban expansion and urban water environmental
protection measures on the changes of N and P concentrations in
small water bodies within the urban area. The main objectives of this
paper include: 1) describing the status of N and P concentrations in
small water bodies in Changsha; 2) identifying the differences in N
and P concentrations and TN:TP ratios in small water bodies under
different urban distance bands and water management types; 3)
determining the contribution of urban expansion and urban water
environmental management types to changes in N and P
concentrations in urban small water bodies.

Materials and methods
Study area

Changsha (111°53'-114°15" E, 27°51'-28°40" N) is the capital
of Hunan Province in southern China and is one of the

10.3389/fenvs.2022.1018408

megacities in China. Changsha City with low terrain, a dense
water network, and numerous small water bodies (such as small
lakes, reservoirs, and ponds) is located in the lower reaches of the
Xiangjiang River (Figure 1A). Changsha has a humid subtropical
monsoon climate, which is both warm and wet, and four distinct
seasons. The annual average temperature is 16.8-17.2°C, with the
maximum temperature ranging from 39 to 40°C, and the
minimum temperature ranging from -1-2°C. The average
annual rainfall is 1,300 mm, and the rainy season starts in
April and ends in June. Rainfall in the rainy season accounts
for 51% of total annual precipitation. Data from the Statistical
Yearbook of Changsha showed that in the past 16 years
(2002-2018), Changsha’s urbanization has developed rapidly,
with an average annual growth rate of the urban population of
4.76%, and an average annual growth rate of 69.91% for the
secondary and tertiary industries. The urbanization rate (urban
population over total population) of Changsha had risen from
61.25% in 2002 to 79.12% in 2018. In the process of
urbanization, the demand for land for construction in
Changsha greatly increased, including the occupation of
large numbers of small urban water bodies due to their
cheap land rent. At present the landscape pattern and
ecological environment of small water bodies in Changsha
City have been significantly impacted.

Land-use data processing

The 960 km” study area is located within the inner circle of
the Changsha urban ring-city expressway. Its land use changed
drastically from 2002 to 2018. Two datasets for land use in
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FIGURE 1

(A) The location of the study area, the spatial distribution of sampling sites for small water bodies and (B) the case diagram of the main

management types for the small water bodies.
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2002 and 2018 were extracted from remote sensing images with
high spatial resolution (2m). The extraction process was
conducted using visual interpretation and the land was
categorized into 4 types, including water bodies (rivers, small
water bodies), construction land, agricultural land and forest.
Taking the city center as a reference point (Central Square,
112.98°E, 28.20°N, Figure 1), the study area was divided into
three distance bands, with distances of <5km, 5-10km
and >10 km, which included all the remaining area out to the
ring-city expressway. From 2002 to 2018, the severity of the land-
use change increased with distance away from the city center.
The land-use pattern within the <5 km distance band remained
stable during the period from 2002 to 2018, while land use within
the 5-10 km distance band changed moderately. Within the
5-10 km distance band, construction land increased 14%, but
the area covered by water, farmland and forest decreased 3%,
10% and 1%, respectively. Outside the 10 km distance band, land
use changed most severely, with construction land increasing by

10.3389/fenvs.2022.1018408

17%, and the water body area, farmland and forest decreasing by
2%, 12% and 3%, respectively (Figures 2A,B). The land-use
change trends within the three distance bands in the study
area generally reflected the spatiotemporal pattern of urban
expansion in Changsha over the past 16 years.

Water quality sampling

In the process of urban expansion, there has been no publicly
historical and available data for water quality monitoring of small
water bodies in the study area in the past. Thus, a survey of small
water bodies within the study area was conducted to understand
their current status and provide information for determination of
representative sampling sites. In this study, 68 small water bodies
were randomly selected as monitoring sample points from small
water bodies that had been present for >15 years (Figure 1).
Nine of these small water body monitoring sites were located
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FIGURE 2
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(A) Land-use in Changsha between 2002 and 2018 and (B) land-use change in different distance bands between 2002 and 2018 (%).
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TABLE 1 Water quality analysis results of the water bodies of
Changsha (mg/L).

Parameter Min Max Mean Median CV (%)
™N 0.20 10.71 1.17 0.66 133.99
TP 0.01 0.96 0.18 0.10 11522

in the <5 km distance band, 19 were located in the 5-10 km
distance band, and 40 were located in the >10km
distance band.

Additionally, results of a preliminary survey of small water
bodies within the study area showed that the small water body
management types mainly included four types: 1) protected small
water bodies (protection), 2) restored small water bodies
(recovery), 3) degraded small water bodies (degradation) and
4) fish farming water bodies (fishery) (Figure 1B). 1) The
protected small water bodies were mainly located in the city
area, mostly landscape water bodies in parks and surrounding
high-end communities. There were perfect sewage interception
measures and wetland absorption zones around such water
bodies. They had been operating stably for many years and
were not affected by the input of pollutants from surrounding
surface sources. 2) The restored small water bodies were mainly
located around the newly built high-end communities, or were
the small water bodies established for ecological management
after 2016. These small water bodies had been built with relevant
environmental protection measures, but their operation time had
been relatively short. 3) Degraded small water bodies were
mainly located around residential areas under construction or
in the corners of cities. Because surrounding rain and sewage
interception measures were not in place, such water bodies were
subject to increasing pollution, and ecological functions were
seriously degraded. 4) Fish farming water bodies were located in
suburbs far away from the city center, and were used for
freshwater fish farming. Due to the long-term feeding of fish,
there was serious eutrophication of these water bodies. According
to the statistics for water body management types, there were
24 monitoring points for long-term protected water bodies,
10 monitoring points for restored water bodies, 7 monitoring
points for degraded water bodies, and 27 monitoring points for
fish farming water bodies.

Water samples from small water body sampling sites in
the study area were collected in August 2018. Water samples
at a depth of 30 cm from the water surface at 5 different
locations were collected with plastic bottles and mixed. Total
nitrogen (TN) and total phosphorus (TP) concentrations
in the water samples were analyzed within 3 days after
alkaline
persulfate digestion-UV  spectrophotometry, and TP was

sampling. TN was determined by potassium

determined by potassium sulfate digestion-ammonium

molybdate spectrophotometry. The contents of N and P
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components were determined with continuous flow analysis
instrumentation (AA3, Germany).

Statistical analysis

The digital mapping of the spatial distribution of all target
objects was done by ArcGIS 10.2. Variance analysis and
correlation analysis was performed by using IBM SPSS
Statistics 25. Canonical correlation analysis (CCA) method
was used to quantify contributions of two variable groups of
urban expansion and water management to the variance of TN
and TP concentrations and TN:TP ratios in the study area. The
variable group of urban expansion has a dataset of three distance
bands (<5 km, 5-10 km, and >10 km), and water management
variable group types
(protection, recovery, degradation and fishery).

consists four water management

Results

Concentrations and classification of TN
and TP in small water bodies

The TN and TP concentrations of the water samples from the
68 small water body sampling sites in the study area varied
widely. The average TN concentration of the small water body
monitoring sample points was 1.17 mg/L, the range of TN
concentrations was 0.02-10.71 mg/L, and the coefficient of
variation (CV) was 134%; the average TP concentrations at
the monitoring points of the small water bodies was 0.18 mg/
L, the range of TP concentrations was 0.01-0.96 mg/L, and the
CV was 115.22% (Table 1). Referring to the environmental
quality standards for surface water in China (GB3838-2002),
the surface water environment is divided into six grades of I, II,
III, IV, V and inferior V, which represent very good, good,
slightly polluted, polluted, seriously polluted and loss function,
respectively. The TN and TP pollution status for the small water
bodies in Changsha city were evaluated according to the above
criteria. The results are shown in Figures 3A,B.

The percentages of sampling sites with TN classifications of I
(0-0.2 mg/L), IT (0.2-0.5 mg/L), III (0.5-1.0 mg/L), IV (1.0-1.5 mg/
L), V (1.5-2.0 mg/L) and inferior V (>2.0 mg/L) in the study area
were 1%, 29%, 38%, 10%, 10% and 10%, respectively. Among them,
30% of the TN concentrations in the monitoring samples were
classified as IV ~ inferior V. The sampling sites with TN water
pollution were mainly distributed in the >10km distance band,
accounting for 71% of the total polluted sampling sites. The
percentages of sampling sites with TP classifications of I
(0-0.01 mg/L), I (0.01-0.025 mg/L), II (0.025-0.05 mg/L), IV
(0.05-0.1 mg/L), V (0.1-0.2 mg/L) and inferior V (>2.0 mg/L) in
the study area were 1%, 18%, 21%, 7%, 22% and 31%, respectively.
Among them, 60% of the samples belonged to classification IV ~
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inferior V. Moreover, 68% of the TP polluted samples were
distributed in the distance band of >10km. This indicates that
urban expansion has exacerbated N and P pollution in small water
bodies far from urban centers.

Comparison of TN and TP concentrations
and classification in small water bodies in
different distance bands

The concentrations of TN and TP in the small water bodies in
the different urban distance bands in the study area were
significantly different. The distribution of TN concentrations
within the 5-10 km distance band had the highest variation,
ranging from 0.20 to 10.71 mg/L, with an average value of
1.72 mg/L, which was higher than the average values for
the <5km and >10km distance bands. The range of TN
concentrations in the >10 km band was 0.21-4.33 mg/L, with
an average value of 1.08 mg/L and a median value of 0.77 mg/L,
which was higher than the median values for the 5-10 km
(0.74mg/L) and <5km distance bands (0.40 mg/L). The
distribution of TN concentration in the <5km distance band
had a comparatively lower variation, with a range of
0.25-0.75mg/L and an average of 0.44 mg/L, which was
significantly lower than the average values in the 5-10km
and >10km distance bands (Figure 4). As for the TP
concentrations, the distribution in the >10 km distance band
had the highest variation, with a range of 0.01-0.96 mg/L, and an
average of 0.22mg/L. The TP concentrations in the water
samples taken within the 5-10 km distance band ranged from
0.02 to 0.58 mg/L, with an average value of 0.19 mg/L. The range
of TP concentrations within the <5km distance band was
0-0.12 mg/L, with an average of 0.03 mg/L, which was
significantly lower than the average values for the 5-10 km
and >10 km distance bands (Figure 4).

As far as the TN concentration classifications of water
samples in the different distance bands in the study area was
concerned, there were only two categories of TN concentration in
the <5 km distance band, namely II and III, and the proportions
of these two water quality levels were 56% and 44%, respectively.
In the 5-10 km distance band and the >10 km distance band, the
TN concentrations of the samples were mainly in the I ~ III
classifications. The proportions of the samples classified as I ~ III
were 68% and 63% for the 5-10 km and the >10 km distance
bands, respectively; and the proportion of the sample sites with
TN concentration levels inferior to III (IV, V and inferior V) were
32% and 37% for the 5-10 km and the >10 km distance bands,
respectively (Figure 5). For the TP concentration classification,
56% of the samples in the <5 km distance band were in grade II,
while the largest proportions of the samples in the 5-10 km
and >10 km distance bands were in the inferior V classification,
37% and 35%, respectively. In general, the proportion of samples
with TP concentrations inferior to III in the <5 km, 5-10 km
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and >10 km distance bands were 22%, 58% and 60%, respectively
(Figure 5).

Impacts of management types on TN and
TP in small water bodies

The TN and TP concentrations in the small water bodies
varied under different management conditions in the study
area (Figure 6). Among the four management types, including
the
degradation small water bodies had the largest variation in

protection, recovery, degradation and fishery,
TN concentrations; the CV was 164%, the range was
0.27-10.71 mg/L, and the average value was 2.28 mg/L,
which was higher than the average TN concentrations
in the protected, restored and fishery small water bodies.
The variations in TN concentrations in the restoration
and fishery small water bodies were in the middle, with
CVs of 121.12% and 72.77%, respectively, and ranges of
0.10-6.65mg/L and 0.29-4.33 mg/L,

mean values of TN concentration of the two were 1.54 mg/

respectively. The

L and 1.38 mg/L, respectively, which were higher than the
average TN concentrations in the protected small water
bodies (0.46 mg/L). The variation in TN concentrations in
bodies the
ranging from 0.20 to 0.87 mg/L, and the mean value

the protected small water was smallest,
was significantly lower than that in the fishery small water
bodies.

The spatial distribution of TP concentrations in the small
water bodies under the different management types was different
from that of the TN. The TP concentrations were highest in the
small water bodies with fishery management, with an average
value of 0.3 mg/L, which was higher than the average values for
the other three management types. The variation in TP
concentrations in the fishery small water bodies was the
largest, with a CV and range of 79.50% and 0.05-0.96 mg/L,
respectively. The variations in TP concentrations in the degraded
and restored small water bodies were relatively moderate, the
CVs were 96.28% and 92.85%, respectively and the ranges were
0.03-0.55 mg/L and 0.02-0.58 mg/L, respectively. The average
TP concentration in the protected small water bodies was
0.04 mg/L, than the TP

concentrations in the degraded and restored small water

which  was lower average
bodies and significantly lower than that of the fishery
(Figure 6). In general, the differences in TN and TP
concentrations under different small water body management
types indicated that human activities increased the accumulation
of N and P pollutants in the study area, resulting in higher
concentrations of TN and TP in restored, degraded and fishery
small water bodies than in protected small water bodies.
Moreover, the responses of TN and TP concentrations in
small water bodies to different anthropogenic management
types were different, and fishery management aggravated the
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accumulation of TP to a greater degree than other management
types.

Differences in TN:TP ratios in small water
bodies under different distance bands and
management types

The average TN:TP ratio (mol/mol) of the 68 monitored
small water bodies in the study area was 31.93, with a range of
1.42-188.90. The TN:TP ratios of the small water bodies were
significantly different within each distance band and under
different management types. The variability of the TN:TP
ratios of the small water bodies in the different distance bands
was large, with ranges in the <5km, 5-10km and >10km
distance bands of 7.42-100.04, 1.42-91.19 and 2.88-188.90,
respectively. In addition, the average values of the TN:TP
ratios in the different distance bands ranked as follows: <5 km
distance band (53.85) >5-10 km distance band (33.39) >10 km
distance band (26.30). So, TN:TP ratios decreased with increase
of distance away from the city center (Figure 7).

The TN:TP ratios of the restored small water bodies had the
largest variability, ranging from 1.85 to 188.90. The TN:TP ratio of
the small water bodies with fishery management had the smallest
variability, ranging from 1.42 to 42.12. The variation in TN:TP ratios
of the protected and degraded water bodies were relatively moderate,
with ranges of 3.87-100.04 and 4.75-105.49, respectively. In addition,
the average value of the TN:TP ratios in the small water bodies under
different management types were ranked as follows: protection
(47.19) > recovery (40.92) > degradation (32.31) > fishery (14.94),
showing that the TN:TP ratios of small water bodies decreased with
increase in human disturbance (Figure 7).

Accordingly, 45.59% of the small water bodies in the study
area were N limited, 35.29% were N + P limited, and 19.12% were
P limited (Table 2). In addition, there were large differences in
the nutritional status of N and P in the small water bodies in
different distance bands and management types. Small water
bodies in the <5km distance band were mainly limited by P,
accounting for 56%. N limitation and N + P co-limitation were
both 22%. Those in the 5-10 km distance band were mainly
limited by N or N + P, accounting for 37% and 42%, respectively.
However, the small water bodies in the >10km zone were
dominated by N limitation, accounting for 55% (Table 2 and
Figure 8). Under different management types, the protected small
water bodies were mainly limited by P or N + P, both accounting
for 42%. The restored small water bodies were mainly limited by
N or N + P, both accounting for 40%. The degraded small water
bodies and fisheries were mainly limited by N, accounting for
57% and 70%, respectively (Table 2). It can be seen that the
farther from the city center and the lower the degree of
protection, the general trend of nutrient limitation in the
small water bodies in the study area was: from P limitation to
N + P combined limitation, and finally to N limitation.
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Quantitative effects of distance bands and
water management on TN and TP
concentrations and TN:TP ratios in the
small water bodies

Canonical correlation analysis methods (CCA) was used to
quantify the effects of distance bands and water management types
on the status of TN and TP concentrations and TN:TP ratios in the
small water bodies in the study area. The results showed that the
distance bands and water management types played an important
role in the variance of TN and TP concentrations and TN:TP ratios.
Together, these two factors accounted for 55.6% of the variance in
TN and TP concentrations (Figure 9). In addition, the variance
interpretation of management types for the changes of TN and TP
concentrations and TN:TP ratios in the small water bodies in the
study area was 22.2%, which was 3 times that of the distance bands
(7.6%). The combined interpretability of distance bands and water
environmental management types on the changes in TN and TP
concentrations and TN:TP ratios in the small water bodies was
25.80%, which was greater than each independent effect.

Discussion

TN and TP concentration status and TN: TP
ratios in urban small water bodies

N and P are two main nutrients that affect the primary
productivity of freshwater ecosystems. Eutrophication caused
by enrichment of N and P is a common water environment
problem in the world today (Galloway et al., 2008; Canfield
et al., 2010). The average concentrations of TN and TP in
573 lakes around the world were 0.837 mg/L and 0.043 mg/L,
respectively; the average concentrations of TN and TP in lake
waters in China were 1.71 mg/L and 0.107 mg/L, respectively,
and the P pollution in the water is greater than N pollution
(Qin et al, 2020). The mean values of TN and TP
concentrations in the small water bodies in the study area
were 1.17 mg/L and 0.18 mg/L, respectively, which were
higher than the global average N and P concentrations. In
the monitoring samples, the percentage of IV ~ inferior V was
30% for TN and 60% for TP. Most of the polluted sampling
sites were mainly distributed in the >10 km distance band.
Therefore, the eutrophication risk of small water bodies in
Changsha is high, especially in the >10 km distance band. The
contents of TN and TP in lake water bodies in China and
Changsha City are higher than the average global level, which
largely reflects the general driving mechanism of water quality
deterioration in inland water bodies in China, which is that
China has been one of the fastest growing economies in the
world, over the past 20-30 years and this economic growth has
come with a cost of environmental pollution. In China, 27.3%
of 209 sampled lakes were eutrophic (MEE, 2022).
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The mean TN:TP ratio of the small water bodies in the study
area was 31.93, significantly lower than the global lake data set
(573 lakes) (70.45) (Qin et al.,, 2020), which indicated that the
accumulation of N and P in the small water bodies in the study
area was unbalanced. The imbalance of N and P accumulation
may be related to the differential environmental behavior of N
and P in water bodies. N is easily removed from water bodies
through two pathways, denitrification and anammox. The N
removal efficiency of the pathways in water is affected by
biogeochemical process factors such as water temperature,
organic matter, dissolved oxygen, hydraulic retention time,
and water depth (Shen et al,, 2021), and the nitrogen removal
process in small water bodies is more active than in larger water
bodies (Robertson and Groffman, 2015). Compared to N, P is

10.3389/fenvs.2022.1018408

relatively inert and difficult to remove. After P enters the
water body, the and the
transformation processes mainly consist of P deposition and
release, increasing the difficulty of P removal from the water
body (Filippelli, 2002; Paerl et al., 2016; Stein and Klotz, 2016).
This effectively explains the research phenomenon in this paper:

it usually enters sediment,

compared with the small water bodies in the urban center,
the N and P concentrations in the water bodies far from the
urban center were significantly higher, while the TN:TP
in the water bodies far from the urban center
the
eutrophication of the small water bodies in the study area, in
terms of N and P management, P input in the study area should

ratio

were significantly lower. Therefore, to alleviate

be reduced.
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FIGURE 3

Classification levels of (A) TN and (B) TP in each sampled small water body.
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N and P concentrations in small water bodies in different distance bands in Changsha.

N
P
<5 km 5-10 km >10 km
FIGURE 5
Grading comparison of TN and TP concentrations in three distance bands.

Frontiers in Environmental Science 09 frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1018408

Zhou et al. 10.3389/fenvs.2022.1018408

12 P: Protection ] 25%~75% &
R: Recovery I Min-Max
D: Degradation 09+ — Median Line
9 | F: Fishery o Mean
iE) ab ) b
= - 0.6 F b
Eet g T
Z a |&
03 O
3t b .
' 8o | B E
0 = 0.0 = —
P R D F P R D F
FIGURE 6
N and P concentrations in small water bodies under different management types.
2001 25%~75% a 200+ ab P: Protection
I Min~-Max T T R:Recovery
— Median Line D: Degradation

150L © Mean 1501 F: Fishery

ab
a 100+

&
EIOO

—

50f | “ 50

d Ld TP

0 0
<5 km 5-10 km >10 km P

FIGURE 7
TN:TP ratios (mol/mol) in small water bodies under different distance bands and management types.

Frontiers in Environmental Science 10 frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1018408

Zhou et al.

10.3389/fenvs.2022.1018408

TABLE 2 Comparison of N and P nutrient limitation in small water bodies under different distance bands and management types.

Items N limitation N + P colimitation P limitation
All small water bodies 45.59 3529 19.12
Distance bands <5 22.22 22.22 55.56
5-10 36.84 42.11 21.05
>10 55.00 35.00 10.00
Management types protection 16.67 41.67 41.67
recovery 40.00 40.00 20.00
degradation 57.14 28.57 14.29
fishery 70.37 29.63 0.00

FIGURE 8
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Distribution of TN:TP ratios (mol/mol) in each sampled small water body.
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The impact of urban expansion and water
environmental management on the
quality of N and P in urban water bodies

With rapid development of urban areas, avoiding the
deterioration of the water environment and realizing the
harmonious development of humans and nature is an urgent
problem to be solved (Miller and Hutchins, 2017; Wang et al,
2021). Therefore, it is necessary to better understand the
responses of water quality in small water bodies to human
activities (Fu et al.,, 2018; Feng et al., 2019). In this study, the
results showed that serious TN and TP pollution occurred during
the urbanization development period (5-10km and >10 km
distance bands); however, when the urbanization reached the
mature stage (<5 km distance band), both TN and TP pollution
were effectively controlled. The small water bodies in the mature
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stage of urbanization (<5 km distance band) are all under
protection and restoration, with low N and P concentrations;
while severely polluted degraded wetlands and fish ponds are
mainly distributed in the urbanization development stages at
5-10 km and >10 km distance bands. TN:TP ratio showed a
decrease with distance from the urban center and with
human disturbance. This indicates that the TN and TP
concentrations are higher and TN:TP ratio are lower in
the earlier stage of urban expansion due to the large N
and P nutrient inputs and the lag of water management.
That’s because of the difference in the removal efficiency of
N and P in the process of urban wastewater treatment with a
higher removal efficiency of P than N (Tong et al., 2020).
Our results show that urban expansion is generally
beneficial to the water quality protection of small water
bodies in the study area, but the incompatibility of urban
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FIGURE 9

Contributions of urban expansion and management types to

the variance interpretation of TN and TP concentrations and TN: TP
ratios (mol/mol) in small water bodies in the study area.

expansion and water environmental protection leads to the
deterioration of water quality in small water bodies farther
from the urban center of the study area. This opinion is
corroborated by results in existing literature. Research in
China and other parts of the world confirm an inverted
U-shaped relationship between economic growth and
surface water quality during urban expansion, with water
quality regulated by water use policies (Wang et al., 2008;
Lietal, 2018). This leads to the fact that when urbanization
and environmental protection measures are not coordinated,
areas with a higher degree of urbanization have a wide range of
water environmental measures with varying degrees of merit
(Zhao et al,, 2015), and there are spatial differences in the
sensitivity of urban water quality to urbanization (Carstens
and Amer, 2019). The results of a survey of urban water
quality in Shanghai, China showed that the quality of
surface water in urban centers and suburban areas with
strong environmental supervision improved significantly,
while the quality of surface water in rural areas in the
outer suburbs with weak environmental
deteriorated (Wang et al., 2008; Li et al.,, 2018). Similarly,
the findings of Wanek et al. (2021) confirmed that
urbanization resulted in significantly better water quality in

supervision

urban ponds in the United States than in rural ponds.

that deficient in urban
management the of
urbanization will show results contrary to the above

However, areas are more

environmental during process

conclusions. In Bangalore of India, the water quality of
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lakes in urbanized watersheds deteriorated more than in
peri-urbanized watersheds (Birawat et al., 2021).

Implications for the governance of urban
small water bodies

In developed countries that completed the urbanization
process earlier, the top-down water environmental regulations
have gradually shifted from rivers and lakes to artificial or
natural shallow small water bodies (Leibowitz et al., 2018). In
comparison, the scarcity of clean water in developing cities
around the world is related to hasty urbanization, inadequate
regulatory regimes or lack of infrastructure (Kumar, 2021). As
the country with the fastest urbanization in the world, China
lacks “legislative” support for small water bodies (Chen et al.,
2019), and the lag in water environmental governance has led
to the pollution of small water bodies in many cities (Yang
et al., 2020). Studies have shown that overall surface water
quality in China has been significantly improved or
maintained at favorable levels due to reductions in
industrial, rural and urban wastewater discharge (Ma et al.,
2020), but lake water quality has not improved (Qin et al.,
2022).

The results of this study showed that under the current
urban construction model, the basic projects related to water
quality protection in the study area seriously lag behind the
expansion of urban land. This incompatibility between urban
expansion and water environmental protection leads to an
aggravated trend of N and P pollution in small water bodies far
from the city center. This means that the pollution of
small water bodies in Changsha faces the risk of pollution
transfer, that is, the environmental protection results
obtained by the large investment in the central urban area
are at the cost of the pollution generated by the development
of the new urban area. In addition, the areas with
weak protection measures for small water bodies in the
study area are often located in the outer suburbs. These
areas are important food resource supply areas in cities.
Human activities such as

agricultural  production,

aquaculture and  domestic will
aggravate the deterioration of water quality in those small

water bodies. Therefore, it is necessary to strengthen

sewage  discharge

the management of the suburban water environment,
especially the management of farmland drainage, domestic
sewage and aquaculture tail water to reduce N and P
pollution in small water bodies (Sonneveld et al, 2019).
In general, in the process of urbanization, the synergy
between urban expansion and water body ecological
protection should be prioritized; when funds and resources
are limited, attention should be paid to water environmental
protection in suburban areas to ensure water quality security
in the city.
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Conclusion

The TN and TP contents and TN:TP ratios of small water
bodies in Changsha area have high spatial variation, with the
ranges of 0.2-10.71 mg/L, 0.01-0.96 mg/L and 1.85-188.91,
respectively. In the study area, resource allocation of water
environmental protection resources is more concentrated in
urban centers and less to areas far from urban centers,
resulting in serious TN and TP pollution of water bodies in
areas far from urban areas. This reminds us that the
government should ensure that simultaneous development
of urban water ecological protection work is undertaken in the
process of urban expansion, especially ensuring that sufficient
resources are allocated to water environmental protection in

suburban areas.
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