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Abstract: As one of the world’s four Greater Bay Areas, the Guangdong-Hong Kong-Macao Greater
Bay Area (GBA) faces many environmental challenges along with rapid economic development,
causing significant degradation of aquatic ecosystems. However, there is limited knowledge on
long-term environmental changes (i.e., >50 years), and restoration of the degraded aquatic ecosystems
in the GBA has become increasingly difficult. This study selects a typical inland water body, the
Miaotan Reservoir, from Huizhou City in the GBA, to explore long-term changes in water and the
eco-environment over the past 70 years and to provide some restoration and management strategies
for degrading aquatic ecosystems in the region. We collected a sediment core from the reservoir
center and established an age-depth profile by integrating 2!°Pb and !37Cs dating. We then set
up high-resolution diatom community succession stratigraphy and multiple indicators (grain size,
element, geochemical and social indicators) as responses to environmental changes in the reservoir.
Our results show that significant changes have occurred in the ecosystem and environment of the
Miaotan Reservoir and its catchment over the past 70 years. The diatom community underwent
a gradual transition from absolute dominance of the mesotrophic species Aulacoseira granulata to
dominance of the eutrophic species Nicizschia gracilis, Nicizschia palea and Achanathes sp., indicating
the onset of water quality degradation and ecosystem changes in the 1990s due to eutrophication. The
RDA (Redundancy analysis) results demonstrate that exogenous pollutant inputs into the Miaotan
Reservoir resulting from agricultural activities over the period led to serious environmental changes,
e.g., toxic algal bloom and heavy metal pollution. This study enriches our understanding of long-term
environmental changes in inland lakes and reservoirs in South China and provides insights into the
restoration and management of aquatic ecosystems in the GBA.

Keywords: environmental change; eutrophication; diatoms; multiple indicators; Miaotan Reservoir;
Guangdong-Hong Kong-Macao Greater Bay Area; South China

1. Introduction

The Guangdong-Hong Kong—Macao Greater Bay Area (GBA) is one of the four major
bay areas in the world, with a total population of over 86 million [1]. The proximity of
the GBA to a subtropical coastal monsoon climatic zone in South China not only influ-
ences strong bio-geochemical cycling (i.e., soil erosion) but also triggers the occurrence
of exacerbating hydrological cycles (i.e., flood), often leading to a fragile eco-water envi-
ronment [2]. Since the Reforming and Opening-up policy in China, the establishment of
many manufacturing enterprises in the region have transformed this region into one of
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the most highly developed areas in the country, with large-scale multi-source pollutant
deposition into reservoirs [3]. For example, due to the intensified pollution in lake and river
systems over the years, many water bodies in the GBA have become greyish black with
foul smells [2]. The provincial government of Guangdong has made persistent efforts to
control water pollution in the GBA since 2015 [4]. Although some positive outcomes have
been achieved in improving the water quality, no such fundamental solutions are being
perceived in overall water quality and ecosystem management in the region to date. Due
to the lack of long-term monitoring data on water quality and aquatic ecosystem changes,
it has been increasingly difficult to set realistic goals for the restoration and management
decisions of degraded water bodies in the GBA [5-7], as well as to project future impacts
and remediation of the aquatic environment in the region [8,9].

Lake and reservoir sediments contain a wealth of biological and physicochemical infor-
mation [10]. Reservoirs have relatively high sedimentary depositional rates (i.e., 0.01-0.1 m
per year), and these sediments are of great importance to obtaining high-resolution records
to assess past environmental changes and catchment disturbances [11]. Sedimentary
profiles and characteristics often reveal invaluable information on a range of biogeochem-
ical species and micro- and macro-fossil assemblages, providing basic and complemen-
tary knowledge when contemporary observed data are scarcely available over time and
space [12]. Diatoms, strong bioindicators of aquatic systems, are highly sensitive to ecosys-
tem and water resource changes, and they have been widely used for river and lake basin
management worldwide [13,14]. Furthermore, diatom subfossil remains are well preserved
in lake sediments and are widely used to track historical environmental changes in different
types of lakes [15], including acidic and alkaline [16,17], eutrophic and hypertrophic [6,8,18]
and saline and mineral-enriched lakes [19,20]. In the past decade, therefore, diatoms have
attracted extensive attention throughout the global scientific community in indicating eco-
logical responses to various limnological stressors in anthropogenically disturbed aquatic
environments in lakes, wetlands and reservoirs worldwide [21-23].

Many reservoirs in the world have been found to play a significant role in water stor-
age, flood control and irrigation facilities [22]. Being adjacent to human settlements, these
reservoirs are not only sensitive to natural environmental changes. such as rainfall, floods
and soil erosion, but they are also vulnerable to anthropogenic disturbances, e.g., large-scale
urban development [24] and agriculture-induced environmental pollution [25,26]. A large
number of reservoirs were built in South China in 1950-1980s for various purposes for
agricultural irrigation [27]. Hence, sedimentary records of many of these reservoirs in South
China, including the GBA, allow the historical reconstruction of environmental changes
occurring in the region during the last century. As the GBA contains fewer natural water
bodies, the significance of the small number of reservoirs in the GBA is very high, providing
invaluable historical eco-environmental information [28]. This study selects a typical inland
reservoir located in Huizhou City within the GBA to explore long-term changes in the GBA
landscape environment over the past 70 years. This study aims to improve the degraded
aquatic ecosystem and water quality in the region. Hence, our study specifically aims to
(1) establish a high-resolution record of diatom succession and dynamics in the subtropical
reservoir, Miaotan; (2) distinguish the impacts of various stressors (hydrological, climatic
and anthropogenic forces) on ecosystems through assessing subfossil diatoms, determining
their relative contributions over time; and (3) provide some useful recommendations that
can help to restore and manage the degrading wetlands and reservoirs in the GBA. This
case study is expected to benefit sustainable water resource management in subtropical
water bodies in South China.

2. Materials and Methods
2.1. Study Area
The Miaotan Reservoir is in Rvhu Town, Huicheng District, Huizhou City, Guangdong

Province (Figure 1). It has a catchment area of 12.5 km?, with a normal storage capacity
of 1.109 x 107 m3. The reservoir was built in 1956 and is mainly used for farm irrigation,
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and it was further reinforced in the 1990s for the safety of people and for the environment
downstream [29]. The Miaotan Reservoir is in the mid-lower reaches of the East River plain
area, and the adjacent areas were insensitively cultivated with the scattered settlement of
people. Being upstream of Huizhou City, the reservoir has been used as a water storage tank
for drinking, irrigation and industrial use. It is located in the south subtropical maritime
monsoon climatic zone, with an average temperature of 19.5-22.5 °C and an average annual
rainfall of 1802 mm [30]. At present, the reservoir is fed mainly by atmospheric precipitation
and the confluence of the Dongjiang Rivers. The exchange of water, dissolved substances,
suspended solids and pollutants between the Miaotan Reservoir and the Dongjiang River
is an important and dynamic eco-hydro system, and this exchange is often termed “the
material and energy interchange” through the river-lake connection within the water
system and hydraulic framework [31]. Since the construction of the Miaotan Reservoir,
pollutants entering the ecosystem have gradually increased, and the water quality has been
degrading due to local agricultural development [32]. A field survey from 2020 showed
that the reservoir water body has been at the mesotrophic level with a total phosphorus
(TP) concentration of 90 ug/L and a chlorophyll a concentration of 60 ng/L (Table 1).
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Figure 1. Map of the Miaotan Reservoir and its surroundings: (a) The topography of Guangdong
Province, China, and its environs; (b) The essential administrative divisions of the Guangdong-
Hong Kong-Macao Greater Bay Area and portions of its vicinity; (c) The land use surrounding the
Miaotan Reservoir.
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Table 1. Water quality parameters of the Miaotan Reservoir in 2019.

Parameters NH4*-N NO;~-N TN TP Chlorophyll a pH Conductivity
Unit mg/L mg/L mg/L pg/L pg/L ps/cm?
Value 0.067 0.196 2.138 86 60 8.77 108.9

The historical climatic data were obtained from the China Meteorological Data Net-
work (http://data.cma.cn, accessed on 4 October 2023) and were selected from the records
of the nearest meteorological stations in Huidong County. The annual average meteorologi-
cal data include temperature, wind speed, sunshine hours and the number of days with
daily precipitation >0.1 mm. The historical data of the resident population and annual
average yield of Huizhou City were obtained from the Huizhou Statistical Yearbook [33,34].

2.2. Geographic Background and Historical Changes in Lake Morphology

The area and perimeter of the reservoir’s water surface were obtained from five scenes
from historical Landsat ETM /OLI images of the United States Geological Survey (USGS:
https:/ /www.usgs.gov/, accessed on 4 October 2023) [35], including Landsat-1 MSS im-
ages (1973), Landsat-5 TM images (2000) and Landsat-8 OLI images (2010 and 2020), with
resolutions of 60 m, 30 m and 30 m, respectively, which have been radiometrically and
geometrically corrected. Further processing, including image rectification, defining projec-
tions, etc., of the image data, was carried out subsequently. The landscape information of
the 5 phases was extracted using supervised classification together with visual interpre-
tation, and the values of the area and lake shore length were obtained using the ArcGIS
geometric calculator. Water body morphology and area data of the Miaotan Reservoir
before 1950 were obtained by rasterizing the 1:250,000 topographic map drawn in the
1940s (http:/ /www.lib.utexas.edu/maps/ams/china/, accessed on 4 October 2023) after
projection and map alignment in ArcGIS 10.2 software.

2.3. Sampling and Laboratory Analysis

A field survey of the Miaotan Reservoir was conducted in August 2020 after a relatively
dry summer. Sediment core MT1 was retrieved using a gravity corer (UWITEC GmbH,
Mondsee, Austria, https://www.uwitec.at/en/product_cats/surface-corer/, accessed on
4 October 2023) in the reservoir center (23°8' N, 114°40" E). The temperature, pH and
conductivity of the water body were measured at the sampling site using a YSI Water
Quality Meter. Moreover, water samples were collected in situ and kept sealed for further
laboratory testing of chlorophyll, TN and TP.

The sediment core was sliced at 1 cm intervals and was immediately stored at 4 °C
for further analysis. Based on the sedimentary chronology, only the upper 70 cm of the
sediment column was used for the experiment for this study. Laboratory analyses included
radionuclide activity (>'°Pb and '3”Cs), grain size, loss on ignition (LOI), chemical elements
(i.e., sedimentary phosphorus, Al, Fe, Ca, Li, Na, K, Mg, Cr, Cu, Zn, Sr, Pb and Mn) and
diatoms.

The 21%Pb and '¥Cs activity was measured with the direct gamma spectrometry
method using the Ortec HPGe GWL series of well-type, coaxial, low-background and
intrinsic germanium detectors (HPGe GWL-120-15). 137Cs was used to identify the 1963 nu-
clear weapons peak. 21°Pb chronologies were calculated using a constant rate of supply
(CRS) model and were verified using the highest 13’Cs activity in 1963 [36].

Furthermore, we conducted SAR and TP flux measurements on the segmented sed-
iment samples to examine historical variations in sediment deposition. The sediment
accumulation rate (SAR) was calculated using the weight of sediment samples as well
as the dating results, as shown in Equation (1). The TP flux was calculated following
Equation (2).

SAR = Mx/(Txfl - Tx) (1)
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Fluxof TP = TP x SAR @)

Xra (%) = ((le —th) / le) x 100 ®)

Herein, My denotes the weight of a 1 g sediment sample after dehydration, correspond-
ing to a depth x, and (Tx_1 — Tx) denotes the dating time between neighboring segmented
samples, where time is measured in years (a).

The grain size spectra of the samples were measured at the 1 cm intervals (70 samples
in total) using a Malvern automated laser optical particle-sizer analyzer (Mastersizer-2000,
Malvern, Worcestershire, UK) after the removal of carbonates with 10% HCI. LOI (loss
on ignition) was analyzed after 4 h of combustion at 550 °C. Low- (976 Hz) and high-
(15,616 Hz) frequency mass-specific (MS) xi¢ and xys, respectively, were measured using
Kappabridge MFK1-FA (AGICO). Frequency-dependent magnetic susceptibility (xsq) was
calculated from Equation (3), with xj¢ and xy¢ as low and high magnetic susceptibility
respectively. Metal elements (Al, Fe, Ca, Li, Na, K, Mg, Cr, Cu, Zn, Sr, Pb and Mn) and
total phosphorus (TP) were analyzed using inductively coupled plasma atomic emission
spectrometry (ICP-AES) after digesting sediments in a mixture of HF, HCl, HNO3 and
HCIOy4 (3:0.5:6:0.5).

The diatom analysis followed the standard procedures put forward by Battarbee [37].
The diatom suspension was mounted on slides with Naphrax® (Brunel Microscopes Ltd.,
2 Vincients Road, Bumpers Farm Industrial Estate, Chippenham Wiltshire SN14 6NQ,
UK, https://www.naphrax.co.uk/index.html, accessed on 4 October 2023) after remov-
ing carbonates with HCI and organic matter with H,O,. Diatom valves were identified
using an Olympus CX51 microscope (Olympus, Tokyo, Japan) with an oil immersion ob-
jective (magnification x 1000). Diatom taxonomy mainly followed the work by Krammer
and Lange-Bertalot [38]. The diatom habitat, either planktonic or non-planktonic (epi-
phytic/benthic), was identified following previously published papers [6,14]. Given the
encounter of high numbers of some non-planktonic species (i.e., genus Fragilaria, Navicula,
Gomphonema and Nitzschia, and also infrequent occurrences of individual species) and their
similar ecological preferences, we grouped these species into genera and calculated the
relative abundance (%) for further statistical analysis.

2.4. Numerical Analysis

The diatom compositional change stratigraphy diagram was drawn using Tilia and
Tilia Graph [39], and zonal changes were identified using both the constrained incremental
sum of squares facility with the CONISS computer program [40]. Only diatom taxa in more
than two samples and with an abundance > 2% were used in diagrams and the following
analyses. Because of the lack of monitoring records during the historical periods, sedimen-
tary indicators were used as environmental proxies to represent specific environmental
changes according to their potential to respond to the change.

In an attempt to summarize the major underlying gradients of the stratigraphical vari-
ations in diatom assemblage, the relative abundance data of diatoms were analyzed using
principal component analysis (PCA). The first axis of PCA represents the main patterns
of diatom assemblage changes, capturing the most variance of the variable matrix [41].
To explore the relationship between diatom assemblage changes and the environment, a
Pearson correlation analysis was conducted for PCA-1 scores and environmental variables
(TP, Cu, Pb, Zn, SAR, LOI, grain yield, population, annual average temperature and wind
speed) using SPSS 26.0 software. Environmental factors that had a strong correlation
with diatom assemblage succession (p < 0.01) were then selected for further Redundancy
Analysis (RDA) with climate indicators.

Redundancy Analysis (RDA) is a direct gradient analysis method that reveals the
share of environmental variables in changes in biogenic species communities in a multi-
dimensional space [41]. To test the explanatory ability, a series of RDAs constrained to
a single environmental variable at a time were performed to check the influence of each
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variable using the eigenvalue ratio of the first two axes (A;/A;), with higher ratios indi-
cating stronger explanatory ability. Significant factors well explaining diatom population
succession were further screened for the Redundancy Analysis based on Monte-Carlo
permutation tests (p < 0.01; n = 499, unrestricted substitution) to further explain their asso-
ciation with community change correlations. PCA and RDA were performed in CANOCO
5.0 software [41].

3. Results
3.1. Historical Changes in Lake Morphology

A clear trend of further lengthening the Miaotan Reservoir’s shores and a fluctuating
trend in the area (Figure 2) were found. Before building the dam for water storage, there
was no channel connecting the Dongjiang River (Figure 2a). Since 1956, with the Miaotan
Reservoir dam, water exchange with the Dongjiang River has occurred through the reservoir
culvert, which has served to store and regulate water, and the area of the reservoir’s water
surface reached 1.1 km?. In 1990 (Figure 2c), the reservoir’s area was significantly reduced
from 1.94 km? to 1.45 km?, compared with (Figure 2b) that in 1973. Then, the reservoir area
re-expanded, mainly occurring in the northern part of the reservoir in 2000 (Figure 2d). The
expansion of the reservoir area further increased the catchment area, with a lake shoreline
length of 12.6%. Until 2020, area expansion has been constant (Figure 2f), except for some
changes in the southwest of the reservoir. The area and lake shore length remained at
1.71 km? and 13.58 km in 2020, but the northeast shore of the reservoir kept connecting
with the Dongjiang River via ongoing crop cultivation.
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A (b) 1973 (C) 1990 i g I

2010 A #
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Dongjiang River
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Figure 2. Morphological changes in Miaotan Reservoir in different periods: (a—f) Morphology of

1965

1950 ~

L5 :{} 25 3
I S S —

Area (km?)

the Miaotan Reservoir and the East River during six different time periods; (g) Trend in reservoir
shoreline length and area since 1942.

3.2. Meteorological Changes and Human Activities in the Past 70 Years

The annual average temperature showed an increasing trend (Figure 3), with an
upward trend occurring significantly after 1990s. The average wind speed in the region
generally did not exceed 3 m/s. In 1970-1990, the average wind speed gradually decreased
and remained stable after the 1990s. It is worth mentioning that the annual average
temperature and the average wind speed were significantly negatively correlated (r = —0.57,
n =69, p <0.05, Figure 3a). The number of days with daily precipitation > 0.1 mm was below
150 days but showed an obvious valley in 1990-2010. Sunshine hours and precipitation
were negatively correlated. Before the 1990s, the number of sunshine hours fluctuated
around the level of 1900 h. After the 1990s, air quality decreased due to the development
of urban centers in the region [42], causing sunshine hours to decrease below 1600 h and
rebound in 2013 (Figure 3b).
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Figure 3. Meteorological and socio-economic changes surrounding the Miaotan Reservoir in
1950-2020: (a) Average temperature and Average 2 min wind speed; (b) Days with daily precipita-
tion > 0.1 mm and duration of sunshine; (¢) Population and grain yield of Huizhou City.

The population of Huizhou City increased from about 1 million in the 1950s to nearly
4 million by the end of 2020. Agricultural and population data were collected from the
Huizhou Statistical Yearbook for 1950-2020 [33,34]. The grain yield generally showed an in-
creasing trend, especially during 1950-2000 (Figure 3c). The agricultural land surrounding
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the reservoir is extensively reclaimed. With the adoption of high-quality crop species and
the use of chemical fertilizers and pesticides, grain yield in the region rose rapidly from
1950 to 2020 (Figure 3c).

3.3. Chronology

An obvious decay in ?!°Pb was present, and at the bottom at 80 cm, its profile was
very close to the background value (Figure 4a). The 137Cs value was low (<10 Bq/kg), with
an obvious peak at 58-70 cm (Figure 4b). The maximum peak in 1963 was not measured in
the corresponding year, likely due to the method of sampling at 2 cm intervals. The bottom
profile of 137Cs did not reach the background value. Figure 4c exhibits the age-depth curve
(in black) and the sediment accumulation rate (SAR) variation curve (in blue) over time.
The curve shows that the SAR increased significantly, and deposition accelerated after
1980. The average deposition rate of the sediment cores calculated by the CRS model was
0.56 cm/a (Figure 4c).

*1Pb(Bq/kg ) 17Cs(Bg/kg ) Year(AD)

0 40 80 120 160 01 2 3 4 5 6 7 1900 1940 1980 2020
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Figure 4. Change in unsupported 210pp,, (a), 137Cs (b) and age—depth relationship in black and
age-SAR relationship in blue (c) of sediment core MT1.

3.4. Diatom Succession

A total of 26 genera and 48 diatom taxa were identified in sediment core MT1, in-
cluding planktonic species Aulacoseira granulata, Aulacoseira ambigua, Aulacoseira alpigena,
Cyclostephanos dubius, Cyclostephanos meneghiniana, Cyclostephanos tholiforms and Cycotella
pseudostelligera and non-planktonic (epiphytic/benthic) species Achanathes mimutissima,
Achanathes sp., Fragilaria crotenensis, Nicizschia palea, Nicizschia gracilis, Nicizschina subaci-
cularis, Pinnularia gibba, Navicula, Cymbella and Thalassiosira. Aulacoseira granulata was
recorded as a dominant species in the Miaotan Reservoir. According to the main charac-
teristics of diatom change, the evolution of diatom communities can be divided into three
combinatorial zones (Figure 5), with two sub-zones within Zone II.

Zone I (70-40 cm, corresponding to 1950-2000): The planktonic species A. granulata
was dominant, with species abundance reaching up to 75% of the total abundance. However,
after 1992, abundance began to decline. Other planktonic species such as A. ambigua, A.
alpigena and C. pseudostelligera were also present, and they accounted for approximately
5-20%. Epiphytic/benthic species N. gracilis and N. subacicularis started to appear after the
1990s.

Zone Ila (40-22 cm, corresponding to 2000-2010): The abundance of planktonic species
A. granulata was about 30-50%, with some overall reduction. The abundance of coastal
species N. gracilis and N. subacicularis showed an obvious upward trend compared to Zone
L. The remaining epiphytic/benthic species, such as F. crotenensis, N. gracilis, Navicula, etc.,
were present. The abundance of planktonic species C. meneghiniana and C. dubius and
epiphytic/benthic species N. gracilis and N. subacicularis were relatively stable and did not
change much during this phase.
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Zone IIb (22-8 cm, corresponding to 2010-2017): The enrichment of planktonic species
A. granulata was only 12-28% and still declined significantly in this zone. A. ambigua and
C. meneghiniana reached the highest level in this zone. The abundance of epiphytic/benthic
species N. gracilis and N. subacicularis remained stable at 10-28%, and the richness of N. palea
kept increasing and came to peak in the later part of this zone.

Zone III (8-0 cm, corresponding to 2017-2020): The epiphytic/benthic genus Achanathes sp.
was substituted by A. granulata, N. gracilis and N. subacicularis as the dominant species,
reaching a peak and accounting for 61% of the entire diatom assemblage. Moreover, the
enrichment of epiphytic/benthic species N. palea, N. subaciculari and N. gracilis showed a
decreasing trend.
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Figure 5. Temporal trend of the diatom community in the sedimentary core of the Miaotan Reservoir
in 1945-2020.

3.5. Sedimentary Indicators

The SAR kept fluctuating around 0.3 g/(cm?-a), with an obvious increasing trend until
2005 (33 cm). After that, the value had a certain fluctuation, reaching a peak in 2008 (25 cm),
again fluctuating downward then (Figure 6). The median particle size always remained in
the range of 5.67-7.14 um and fluctuated with an upward trend until 2013, then gradually
decreasing after 2013. In contrast, clay (<0.4 pm) fluctuated with a decreasing trend, but the
change was small, with the most obvious fluctuations between 1976 and 2007 (60-29 cm).
The element values were relatively low for the overall period before 2000. The mean TP, Cu,
Zn and Pb were 1369.69 mg/g, 53.28 mg/kg, 180.51 mg/kg and 71.87 mg/kg, respectively.
The P, Cu and Zn flux of TP started to increase significantly after 2000. The TP flux showed
the same pattern as that of the TP concentration. The TP concentration reached its peak
in 2008 (25 cm). The Pb concentration reached its maximum value around 1993 (47 cm),
and there has been a possible trend of the Pb concentration reaching similar levels in recent
years (2 cm to surface). Additionally, heavy metal Cu peaked in 2001 (37 cm) and again in
2011 (19 cm), with a trend somewhat resembling that of TP. The variation in the Zn content
was also similar to that of Cu to some extent but with more fluctuating, with the maximum
occurring in 2001 (37 cm). High concentrations of TP and Pb were observed at the end of
the previous decade, as well.
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Figure 6. Sedimentary proxies, including axis 1 scores of diatoms PCA analysis (PCA1), sediment
accumulation rate (SAR) and medium grain size (Md), and social development variables, including
permanent resident population and grain yield. The dashed lines in the figure indicate the zonation
results corresponding to the succession of diatom assemblages.

The PCA of diatom subfossil assemblages shows that the first four axes explain 78.62%,
9.32%, 7.82% and 1.37% of the diatom assemblage data, respectively. PCA axis 1 captures
most of the diatom succession information (Figure 6).

The Pearson correlation analysis between PCA first axis scores and environmental
variables (Table 2) shows that TP, Cu, Zn, grain yield and resident population have a strong
linear correlation with PCA first axis scores. Grain yield (p = 0.03) responded to most
environmental indicators. There were strong correlations among all deposited substances
in the water body. Nutrient indicators TP and TP flux and heavy metals Cu, Zn and Pb
were significantly and positively correlated with grain yield. Wind speed (p = 0.002), on
the other hand, was more negatively correlated with each indicator (SAR, TP flux, Pb, etc.).
Pb was relatively independent and did not correlate strongly with other indicators, except
wind speed and grain yield.

Table 2. Paired Pearson correlation analysis between multiple proxies.
Variable ~ PCA1 SAR TP TPFlux  Cu Zn Pb Crain Population  LOI Temperature
SAR -0.11
TP 055%  0.65*
Fluxof TP —0.31 0.92* 0.84*
Cu —049*  056* 0.94 % 0.74 %
Zn 060% 047 % 0.90 ** 0.67 * 0.92 %
Pb -0.12 0.33 0.19 0.20 0.09 0.14
Grainyield — —050*  0.64* 0.83* 0.68 * 0.81* 0.74%  046*
Population 0.74* 047 0.83* 0.59 * 0.75* 0.79* 033 0.89 *
LOI —081% 026 0.71% 043 * 0.64 % 0.75% 019 0.72 % 0.94 %
Temperature ~ —0.40 % 0.37% 0.49 ** 040 * 0.40* 037% 033 0.62 % 0.60 ** 0.53*
Wind Speed  0.07 063  —053*  —058*  —048*  —0.83* —046*  —054*  —046* —028  —049*

Note: **, expresses significance at p < 0.01; *, expresses significance at p < 0.05.

3.6. Ordination Analysis

The RDA analysis results show that grain yield, Cu and population have been sig-
nificant factors affecting diatom succession in the Miaotan Reservoir in the last 70 years.
They explain a total of 60.3% of the diatom assemblage variance together, with axis 1
explaining 49.12%. We divided the area into four assemblage zones based on the four
diatom succession stages (Figure 7). The first axis reflects nutrient enrichment and heavy
metal pollution in the reservoir, relating to human activities as indicated by population,



Water 2023, 15, 3639

110f18

agriculture and industry (Figure 7). The negative direction of the first axis shows that the
water environment of the reservoir was not heavily polluted in the early period (samples
during 1950-2000), and the positive half-axis shows that the samples were polluted with
heavy metals and where nutrient enrichment occurred (samples during 2017-2020). The
ratio of the eigenvalues reveals that population has the highest value of 1.61, indicating
that it has the strongest ability to explain the succession of diatom species (Table 3).
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Figure 7. Redundancy analysis (RDA) exploring the relationship between diatom communities and
significantly correlated variables.

Table 3. Significant environmental variables selected by partial RDA with forward selection procedure.

Explanatory Ratio of Eigenvalue Percentage of
Variable A1/A; Explained Variation (%) P
Population 1.61 25.0 0.002
Grain yield 0.49 5.3 0.004
Cu 0.48 7.2 0.002

4. Discussion
4.1. Historical Environmental Change and Its Driving Factors in the Miaotan Reservoir

The diatom community and other proxies, including SAR, fine particles, TP flux
and heavy metals in the Miaotan Reservoir, all have shown a consistent change over
the past 70 years. The >60% abundance of the typical planktonic species A. granulata
suggests that the reservoir went through the oligo-mesotrophic state during 1950-2000. The
widespread distribution of A. granulata with high silicification and sedimentation rates [43]
also suggests increased hydro-metro disturbance in the reservoir during this period. For
instance, high precipitation in the 1970s-1980s (Figure 3) resulted in higher catchment
runoff assemblage change.

However, a reduction in the abundance of A. granulata and a reciprocal increase
in the abundance of epiphytic/benthic diatoms such as Nitzschia subacicularis, Nitzschia
palea and Nitzschia gracilis in 1988 /89 are indicative of a meso-eutrophic condition of the
reservoir (Figure 5). Climatic data from the basin during this period show an increase in
the mean surface temperature (Figure 3a). The mean wind speed showed a downward
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trend in 1985, and the number of days with daily precipitation > 0.1 mm also decreased
compared to the previous period. The rise in the TP flux in the region (Figure 6) reflects an
overall decreasing trend for water disturbance but an increasing trend for the deposition
of suspended material and SAR during this period (Figure 6). The southern and eastern
catchments of the reservoir are primarily utilized for irrigated agriculture, together with
highly dynamic hydrological conditions and nutrient movement (Figure 1b), suggesting
a temporal and spatial variation in the environmental change. With the increase in the
population of Huizhou City from around 1 million in the 1950s to 2.4 million by 2000 [33,44]
and the increasing demand for irrigation, the Miaotan Reservoir was built in 1956 for the
purpose of irrigation storage. Prior to this, it was fed by the East River and seasonal
rainfalls. Today, the reservoir hydro-ecosystem is influenced largely by the construction
of an artificial aqueduct that prevents existing water exchange between the river and the
reservoir [29].

The strong linear regression between SAR and sediment flux observed in different
lakes, including the Miaotan Reservoir, indicates increasing exposure to anthropogenic
activities over time. Industrial pollution, soil erosion and the use of nutrients, chemicals and
pesticides in agriculture are common practices in the GBA affecting the diatom community.
However, occasional recovery efforts for the reservoir have brought positive effects on the
ecosystem. For instance, the increased abundance of eutrophic and benthic diatoms after
1980 (below 57 cm of the sediment core) suggests increased proliferation of aquatic plants
in the reservoir [45], with a higher capacity to mitigate the impact of heavy metals and
nutrients on the ecosystem (Figure 5). The extended reservoir area, with a water level rise
shown by the combination of remote sensing images and historical data (Table 3, Figure 2),
indicates a suitable habitat for A. granulata after 1980. However, since about 1988 and the
early 1990s, the climatic effects prevailing in the reservoir intensified the decline of the
reservoir area and water level, (Figures 2 and 3) finally leading to a mesotrophic condition.

However, 2000-2010 witnessed accelerating pollution and prolonged eutrophication
in the Miaotan Reservoir, with a deteriorated ecosystem and water quality, as evidenced by
increased planktonic diatoms A. granulata and C. meneghiniana and non-planktonic species
such as Nitzschia subacicularis, Nitzschia gracilis and Nitzschia palea [43]. The fluxes of heavy
metals P, Cu, Zn and Pb in sediments increased significantly during this period, with Cu
and Zn reaching a peak in 2001 (Figure 6). Despite an abnormally high content in 2001
and a slight decrease in 2006, the heavy metal contents remained relatively high until 2010
(Figure 6), indicating some prevailing climatic factors [43]. Climatic factors such as rainfall
mostly intensified nutrient accumulation such as TP flux, mostly in the 2000s, yet there was
little activity in 2005-2006 (Figure 3b).

Extended construction activities such as dams, spillways and culverts during the
1990s [29] further isolated the dam from the Dongjiang River, causing hydrological dis-
ruption to, for example, water and sediment balance [46]. A change in the natural pattern
of sediment deposition has also been observed due to these constructions. For instance,
the non-woven geotextiles used in the dam appear to have filtered sedimentary pollution
and intercepted some of the particulate matter, consequently reducing the material flow
to the Dongjiang River and purifying the flowing water [29]. The remote sensing images
(2000-2010) of the Miaotan Reservoir (Figure 2d,e) showed a boundary that changed at
the flattened southern section, and the extended northern section resulted in almost 2 km
of additional shoreline length, further contributing to the material flow into the reservoir.
However, ongoing restoration measures stabilized the disturbance, as evidenced by a
decrease in the abundance of A. granulata and relatively constant rates of nutrient and
heavy metal inputs into the Miaotan Reservoir (Figure 5).

Since the 1990s, the average temperature in the catchments has increased, and elevated
temperatures have also contributed to the increased loading and release of endogenous
nutrients into the reservoir. A. granulata and Nitzschia showed a significant negative
correlation (Figure 6), suggesting that they have differences in their responses to nutrient
loads in the reservoir over time, which has also been observed in Taibai Lake in eastern
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China [47]. For instance, a distinct low value observed in nutrient (IP) and heavy element
(Cu) concentrations in the MT1 sediment core from the 30—28 cm section (corresponding
to 2006-2008) revealed significant species turnover of diatoms A. granulata and Nitzschia.
Precipitation records from 1990-2010 were one of the key factors that showed changes in
the reservoir water level that may have affected the diatom community. In 2004, the rainfall
was relatively low and gradually increased until 2010, forming two distinctive low values
for the diatom composition.

Additionally, there was an increased number of typhoons affecting southeastern China
in 2006 compared to the 2 years prior and after [48]. Typhoons commonly affect lake
sedimentation, and this has been often reflected by various geophysical and geochemical
indicators in the sedimentary records, such as TP and Cu [49]. In 2007-2008, a slight
increase in medium-sized grains was found in the Miaotan Reservoir, which may have
been caused by hydrological extremes such as typhoons, tsunamis, landslides or floods [50].
For instance, the intensified La Nifia event in southeastern China in 2007-2008 is likely to
have resulted in diatom community succussion indirectly, with more rainfall in the region
causing increased lake and reservoir depths [51] with increased diatom habitat disturbances
followed by alterations in the community. A decrease in the abundances of N. subacicularis,
N. gracilis and N. palea, as well as a decline in the assemblage of A. granulata at a slower rate
than that in the previous period, suggests some positive mitigation efforts made by the local
environment authority regarding degraded water quality during this period [52]. However,
the overall trend still indicates continuous deterioration of the ecosystem and water quality
of the reservoir (Figures 5 and 6). Furthermore, observed high sedimentation rates during
2009-2010 (Figure 6) clearly indicate a deteriorated reservoir environment, likely associated
with intensified anthropogenic activities. After the 1990s, the Pearl River Delta (PRD)
region of China suffered from increasing air pollution due to industrial development and
urban expansion triggered by human activities [53]. The RDA (Figure 7) shows that Cu,
population and grain yield strongly affected diatom succession during this phase (after
2000), confirming human-induced heavy metal and nutrient pollution. For instance, the
diatom-inferred TP in the Miaotan Reservoir was consistently above 70 nug/L but below
110 png/L (Figure 6), indicating that the period, 2009-2010, was a transition toward extended
eutrophication [43].

According to our data on diatom assemblages, the period of 2010-2017 witnessed
very high nutrient and heavy metal inputs as diatom biodiversity declined in the sedi-
mentary records (Figure 5). The abundance of Cycotella meneghiniana, a typical eutrophic
species in lakes [43], was more than 30% in the Miaotan Reservoir, indicating a degraded
aquatic ecosystem after 2010. Similar to the eutrophic lake Taihu in southeast China, the
marked increase in the abundance of N. subacicularis, N. gracilis and N. palea, together
with a high optimum TP (104 pg/L), was reflected by prolonged eutrophication in the
Miaotan Reservoir during this period [54]. Despite the relatively weak wind speed in 2010
(Figure 3a), A. granulata’s growth and abundance in the Miaotan Reservoir may have been
intensified by changing meteorological conditions along with reservoir stratification and
algal bloom [47]. Our results suggest that the northern area of the reservoir favored A.
ambigua, which usually thrives in shallow water bodies with mesotrophic condition [54].
Zhang et al. [32] suggested that most medium-sized reservoirs in Huizhou City, including
the Miaotan Reservoir, exhibited relatively poor water quality conditions due to increased
water pollution in 2011. Lately, poultry and other livestock farms in the adjacent area
have been identified as major sources of pollution [55]. The information provided by Lin
et al. [56] indicates that there is an issue of illegal pollutant discharge, including nitrogen,
phosphorus and pesticides, from livestock and poultry farming in the southeastern area of
the Miaotan Reservoir [32]. The Pb content after 2015 also increased rapidly after a slight
decrease, indicating a serious trend of heavy metal pollution in the Miaotan Reservoir
(Figure 6), mainly being brought upon by industrial emissions, especially automobile
exhaust [57].
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Based on the land use map (Figure 1c), a road constructed on the dam of the Miaotan
Reservoir was observed, and vehicular traffic was enabled near the reservoir, particularly
in the southwestern and southern parts of the reservoir. The Miaotan Reservoir Project
Management initiative in 2013 began to address water pollution issues, and in 2015, the local
state council issued the “Action Plan for Prevention and Control of Water Pollution” [52]
to combat water pollution, including foul smells, across the Guangdong-Hong Kong-
Macao Greater Bay Area. After 2015 (above 15 cm core length), the Cu content displayed
a decreasing trend in the sediment record of the Miaotan Reservoir. However, this still
exceeds the Class I Surface Water Quality Standard of China, suggesting that more needs
to be done to restore the ecological state of the reservoir [58].

A combination of increased human activities and climate change has led to the tran-
sition of the Miaotan Reservoir into a eutrophic stage, resulting in long-term ecological
damage to the reservoir. The 2017-2020 period witnessed further changes in the ecosystem
of the Miaotan Reservoir, when there was a notable shift in the abundance of the genus
Achnanthes, which usually thrives in lesser concentrations of TP (60 ng/L) (Figures 5 and 6).
The Pb content in sediments at this time reached maximum values (Figure 6). As previously
mentioned, there exists a transportation network around the Miaotan Reservoir. The rise
in Pb, a significant component of automobile exhaust, signifies an increase in vehicular
traffic in the vicinity, accompanied by heightened human activity in recent years. The
study of Liu et al. [59] on the Zengtang Reservoir in the Guangzhou City also confirms that
anthropogenic interventions in production activities can greatly increase the amount of
nutrients and heavy metals entering a water body, leading to reservoir eutrophication and
ecosystem degradation. Other studies [60,61] suggest that heavy metals enter lakes through
various pathways. For example, Cu and Zn from industrial and waste pollution [62] and
agricultural fertilizer residues, as well as Pb from automobile exhaust emissions [57], are
considered solid and persistent pollutants in many aquatic ecosystems [63]. A study of
stratified soil samples from a brownfield in Jiangsu Province showed that the pathway of
heavy metal (Cu, Ni, Pb, Cd, As and Hg) contamination is largely dependent on agricultural
discharge from upstream river catchments [61].

Pollution in the Miaotan Reservoir decelerated during 2017-2020, possibly due to
improved management practices in nearby livestock farms and recent efforts to manage
the river water environment [52]. However, the Miaotan Reservoir remains a persistent
eutrophic water body, with heavy metal pollution threatening both ecological and human
health over recent years. For instance, Pb accesses humans through the food chain, posing
a risk to human health, including carcinogenic diseases [64]. Today, heavy metal pollution
has become a major threat to the Miaotan Reservoir that needs to be addressed urgently
with appropriate measures.

4.2. Exploration of the Variability in Pollution Sources and Their Hazards

This study highlights the advantage of subtropical reservoirs, particularly for those
regions lacking natural lakes, to obtain high-resolution records of environmental changes
in the Anthropocene. Until recently, studies using diatoms in lakes and reservoirs of
the Pearl River Basin to reconstruct historical records and analyze mechanisms behind
environmental impacts on ecosystems have received limited attention [11]. The selection of
the location of the study determines how we can precisely assess the condition of the aquatic
environment over time in the GBA. Although the Miaotan Reservoir was found to be a
perfect site to study intra-urban water bodies in major urban agglomerations, there could be
different responses to changes by the local environment. For instance, Sun et al.’s study [65]
on Liuhua Lake in Guangzhou showed a slightly different trend in lacustrine evolution.
Eutrophication in Liuhua Lake occurred during the 1960s, and this was likely due to
differences in human settlement in the catchments. The Liuhua Lake catchment is densely
populated with longer periods of impact on the lake ecosystem [65]. Unlike Liuhua Lake,
which had TP as high as 146.24 pg/L in the 1980s, the Miaotan Reservoir, which is more
arable with increased land and forested catchments mostly around the north, witnessed
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eutrophication only during the 1990s. However, the eastern area of the Sibao Reservoir more
or less resembles the Miaotan Reservoir, showing a similar ecological trend over time. Fu
et al. [66,67] found that the increase in N and P nutrients in the Sibao Reservoir in Jiangmen
City, Guangdong Province, was due to higher temperatures and precipitation causing
water quality deterioration. In addition, the Sibao Reservoir received nutrient discharge
from poultry and livestock from its adjacent catchment, causing further eutrophication
and water quality degradation [67]. There have been other studies on reservoirs outside
the GBA, such as that by Chen et al. [68]. From these studies, it is apparent that certain
reservoirs were constructed on existing cultivated and residential land, leading to the
internal release of elevated levels of TP, TN and heavy metals, consequently resulting in the
degradation of aquatic ecosystems and a decline in water quality. Furthermore, variations
exist in the research approaches employed by different scholars. For instance, our study
utilizes diatom species succession and a range of environmental factors to reconstruct
the historical environmental evolution of the reservoir and to infer the causes of water
body eutrophication. In contrast, Fu et al. [69] employed lengthy time series data to
detect changes. Nevertheless, a common thread among the causes of water ecosystem
deterioration in reservoirs and even lakes is human activity, a major disruptive factor.

Inadequate livestock and poultry management in Guangdong Province has caused
persistent water pollution in the Miaotan Reservoir. Limited water regulations and poor
water resource governance has further intensified the condition. In conjunction with en-
hancing livestock management, socioeconomic uplift is needed. High-resolution historical
environmental reconstructions can help improve our understanding of reservoir ecosystems
within the Guangdong-Hong Kong—Macao Greater Bay Area over decadal to centennial
scales [7].

5. Conclusions

By integrating paleoenvironmental, instrumental and historically documented re-
sources such as crop yields on multi-decadal scales, we demonstrate the evolution of the
Miaotan Reservoir in the Guangdong-Hong Kong-Macao Greater Bay Area using diatom
assemblages and other sedimentary proxies as indicators. We find several distinct ecological
stages over the past 70 years, with occurrences of major transitions in the diatom commu-
nity. Transitions occurred predominantly from the combination of the planktonic species
A. granulata and nutrient-poor A. ambigua epiphytic and the benthic species N. gracilis,
N. subacicularis, N. palea and Achanathes sp., indicative of gradual reservoir eutrophica-
tion. The timing and interactions among social, economic and ecological factors, such as
exogenous pollutants primarily derived from agriculture, influence long-term ecological
dynamics. Through a comparison of various studies on reservoir ecosystems in China,
we identify commonalities in pollutants that are responsible for contamination. Although
the precise mechanisms of influence may vary, they all share a common factor, which is
increased human activity within and adjacent to the environment of the Miaotan Reservoir
and other reservoirs. Our results highlight the importance of the long-term dynamics
and responses of aquatic ecosystems to socio-economic and environmental changes while
working toward a sustainable freshwater ecosystem management program.
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