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Although the relationship between biodiversity and ecological functioning is a vital issue in
coastal water ecology, how this relationship is influenced by environmental conditions is
still unknown. It was investigated for the dynamics of algal diversity and algal pollution
indices, as well as their relationships with trophic state, in a mangrove forest along the
Guangdong coast, South China. It is hypothesized that the phytoplankton alpha-diversity
indices and algal pollution indices have the potential to provide a signal linking trophic state
and water quality variation in the mangrove forest. The t-test showed that phytoplankton
alpha-diversity indices and algal pollution indices varied significantly between the dry and
wet seasons (p < 0.01 or p < 0.05). The trophic state index record confirmed that the
mangrove forest was mesotrophic to eutrophic during study periods while the CCME:
WQI revealed that the water quality in the forest was under poor andmarginal conditions in
both seasons. Multivariate analysis revealed that the dynamics of phytoplankton alpha-
diversity and algal pollution indices was closely related to trophic states change and
influenced by environmental conditions. The results indicated that pH, total dissolved
solids, salinity, electrical conductivity, turbidity, nitrate, and phosphate were the main
factors affecting algal assemblages in the mangrove forest. The indices were confirmed as
a quicker, faster, and reliable approach to appropriately describe and measure the trophic
state variations in the mangrove ecosystem, though an integrated approach may be
required in the future.

Keywords: alpha-diversity indices, algal pollution indices, mangrove forest, trophic state index, coastal water
1 INTRODUCTION

Mangroves, which can be found in tropical and subtropical regions, serve as buffer zones between
freshwater and marine biomes, providing habitat for a variety of life (Wang, 2019), and providing
natural sewage treatment systems that have been utilized over decades (Wong et al., 1997; Carlos et al.,
2007; Wu et al., 2008; Wang and Gu, 2021). Due to the mixing of these distinct water bodies, they are
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characterized by pronounced gradients of physical, chemical
(McLusky, 1993), and biological components (Inyang and
Wang, 2020). Ecosystem assessment is typically conducted using
ecological indicators (Rapport and Hildén, 2013), which provide
tools for managerial decisions by providing information about a
specific area of interest (Jørgensen et al., 2013). Hence, ecological
indicators are often based on the biological community at a site,
and variation in community characteristics is used to compare the
ecological state of that site to those of other sites. Over time, it has
been reasoned that environmental parameters and changes therein
determine the characteristics of biological communities (Friberg,
2014). Microalgae communities are known to respond rapidly to
environmental variation, their short life cycle being sensitive to
ecosystem changes (Marchetto et al., 2009; Taipale et al., 2019;
Bergstrom et al., 2020; Inyang and Wang, 2020).

Globally, different mangrove forests have been stressed with a
significant impact of algal bloom in the forest (Adhavan et al., 2015;
Kamalifar et al., 2016;Temino-Boes et al., 2019).Theanthropogenic
eutrophication impact on coastal waters has always been a global
issue before the 2000s, due to wastewater discharge from urban
cities, agricultural activities (Meng et al., 2020), and aquaculture
facilities into rivers, lakes, and wetlands directly; these also result in
algal blooms,mainly of cyanobacteria anddiatoms.Meanwhile, this
phenomenon has been reported across numerous coastal waters in
China (Yang et al., 2004; Xiao et al., 2007; Meng et al., 2020). The
anthropogenic nutrient enrichment in coastal waters may cause an
extensive impact on the nitrogen cycle (Reis et al., 2017), which
could lead to accelerated changes (Geedicke et al., 2018) in the
mangrove forest.

Generally, the eutrophicationphenomenonhas led to ecosystem
imbalance, establishment of tolerance species, anddisappearance of
sensitive taxa (Gu andWang, 2015). Meanwhile, the application of
microalgae for ecosystem monitoring has a long history (Lepisto,
1999) where numerous indices have been developed but none have
become widely accepted. Nevertheless, the application of alpha
biodiversity indices (i.e., Magarlef index, Shannon index, Pielou’s
index, and Simpson diversity) to study the characteristics of the
microalgae community structure in different water bodies has just
been established (Mulder et al., 2001; Weis et al., 2007; Meng et al.,
2020), but the application of these indices in ecological study of the
mangrove forest is lacking. This study is the first to establish the
response mechanism of alpha-diversity indices to changes in water
quality parameters in the mangrove forest. Though the diversity
based on species richness (number of taxa) and evenness (taxa
distribution) can reflect microalgae community composition and
could also describe the impacts of water pollution on biotic
communities (Hooper et al., 2005), these indices require a high
level of taxonomic classification. The degree to which physical and
chemical variables affect microalgae alpha-diversity indices is
different across different aquatic habitats (Meng et al., 2020). The
knowledgeof the biotic indicators to exploremicroalgae assemblage
response to environmental change in the mangrove forest is a
fundamental research objective in the ecology of the ecosystem.

Therefore, microalgae alpha-diversity indices, algal biomass,
algal pollution indices, single-factor trophic state index (TSI Chl
a), and Canadian Council of Ministers of the Environment Water
Frontiers in Marine Science | www.frontiersin.org 2
Quality Index (WQI:CCME)were evaluated in themangrove forest
along the Guangdong coast, South China. Correlation analysis
(Pearson correlation) and multivariate analysis were applied to
understand the response of microalgae alpha-diversity indices and
algal pollution indices to nutrients and other environmental
parameters. Microalgae alpha-diversity indices and WQI: CCME
were comparedduring thewet anddry seasons across themangrove
forest. The purposes of the study are as follows: (i) to explore the
impact of hydrological parameters onmicroalgae indicator species;
(ii) to understandalpha-diversity indices and algal pollution indices
in relation to nutrient distribution; (iii) to establish trophic
conditions of the mangrove forest through evaluation of algal
pollution indices, algal diversity indices, and TSI (Chl a); and (iv)
to evaluate the WQI: CCME across the mangrove forest.
2 MATERIALS AND METHODS

The samplings were collected for 34 different locations throughout the
Guangdongmangrove forest, at latitude20°12’–25°31’Nandlongitude
109°45’–117°20’ E (Figure 1). The sampling sites are characterized by
different species of true mangroves, such as Acrostichum aureum,
Excoecaria agallocha, Bruguiera gymnorrhiza, Kandelia obovata,
Rizhophora stylosa, Lumnizera racemosa, Aegicera corniculatum,
Avicennia marina, and Acanthus ilicifolius, and non-true mangrove
species, e.g., Pongamia pinnata,Hibiscus tiliaceus, Thespesia populnes,
Herltiera littoralis, Cerbera manghas, Clerodendrum inerme, and
Pluchea indica (Inyang and Wang, 2020). Guangdong’s mangrove
forest is influenced by semidiurnal to mixed tides all year, with a tidal
range of 0.8 m during neap tides and 4.0 m during spring tides. The
average annual precipitation in the study region is ~2,000 mm (Liu,
2013), andapproximately85%of the total rainfall is concentrated in the
rainy season from April to September.

The study locations were selected across the mangroves from
the Leizhou Peninsula in the west to the east. A total of 34
locations were selected spatially across the mangroves to evaluate
the spatial and temporal change in phytoplankton community
and variation in trophic state (Figure 1). Figures 2A–D show
algal bloom formation in some parts of the mangrove forest
along the Leizhou Peninsula and across the eastern part of the
Guangdong coast.

2.1 Sampling Procedure
The sampling and monitoring studies were carried out across 34
stations (30 stations selected during the dry season and 23 stations
selected during the wet season) within the mid-section of the
mangrove forest from October 2017 to January 2018 (for the dry
season) and July to August 2018 (for the wet season). At each
station, measurement of environmental parameters and collection
of phytoplankton samples were obtained during flood tide.

2.2.1 Measurement of Water Quality Parameters
At each site, in situ measurement of water quality parameters
such as water temperature, pH, salinity, electrical conductivity
(EC), turbidity, and total dissolved solids (TDS) were measured
by using a Quanta® Water Quality Monitoring System
June 2022 | Volume 9 | Article 872077
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(Hydrolab Corporation, USA) during flood water level within
the depth of 1 m. Three hundred milliliters of surface water was
collected by using sampling plastic bottles for analysis of
nutrients (phosphate, nitrate, nitrite, and silicate). The water
samples were filtered using 0.22-mm Whatman® GF/F filters
before analysis. Within 2–3 h after sampling, nitrate (NO3-N),
nitrite (NO2-N), phosphate (PO4-P), and silicate (SiO3-Si) were
analyzed with a SKALAR auto-analyzer (Skalar Analytical B.V.
SanPlus, Holland). Chlorophyll a (Chl a) analysis was carried out
according to HELCOM (2015) using a SHIMADZU
Spectrophotometer (UV-1700-Japan) and calculated as follows:

Cv =  
103 : e : a 665Kð Þ

83:V : L
(1)

where:
Cv = Chl a concentration, mg/m3; e = volume of ethanol, cm3; a
(665K) = absorbance at 665 nm (the peak) minus the absorbance
at 750 nm after correction by the cell-to-cell blank; L = length of
the curette, cm; V = water volume filtered, dm3; 83 = absorption
coefficient in 96% ethanol.

2.2.2 Microalgae Analysis
The microalgae samples were collected during flooding tide by
vertically hauling within the depth of 1 m, using a plankton net of
0.045 mm size. Approximately 90 L of water was filtered at each
Frontiers in Marine Science | www.frontiersin.org 3
station, and the net was rinsed before new sampling to avoid
contamination of the new sample by the previous one. The
collected phytoplankton samples in 300-ml plastic bottles were
preserved with neutral Lugol’s solution of 10% concentration for
further analysis. Further analysis and identification were
conducted as described by Inyang and Wang (2020).

2.3 Evaluation of Algal Pollution Indices
The algal genera and species mentioned by Palmer (1969) as
pollution indicators were investigated in the study areas. This
technique is considered to be a rapid, reliable, and relatively
inexpensive way to record water pollution probability across a
number of sites (Noel and Rajan, 2015). It can be applied with
other indices of inorganic pollution and eutrophication level
(Bellinger and Sigee, 2010). Palmer (1969) compiled a list of 60
genera and 80 species as pollution-tolerant individuals, of which
he used 20 genera and 20 species to compute the pollution index
score. However, only 17 genera and 16 species (Table 1)
appeared in the study areas out of the 20 genera and 20 species
mentioned in the Palmer pollution index (Palmer, 1969). The
taxon was considered significant if its concentration was at least
(>10) cells per ml. The final Palmer pollution index value is the
summation of the scores of all the present taxa in a given station.
Palmer index numerical values were calculated for both species
and genera and compared to Palmer’s proposed reference values
FIGURE 1 | Study area and sampling stations identified by the red dots on the map.
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(0–10 indicated no evidence of organic pollution, 10–5 indicated
moderate pollution, 15–20 indicated likely high organic
pollution, and 20 or more indicated high organic pollution).

2.4 Trophic State Index
Trophic state index (TSI) using single factor (Chl a) was used to
describe the trophic status (Wang, 2002) in the mangrove forest
according to the equation:
Frontiers in Marine Science | www.frontiersin.org 4
TSI Chl að Þ  =  10 2:5  +  1:086 ln Chl að Þ (2)

Evaluation standard: 0 < TSI ≤ 30 oligotrophic, 30 < TSI ≤ 50
mesotrophic, TSI > 50 eutrophic, > 70 high eutrophic.

2.5 Canadian Council of Ministers of the
Environment Water Quality Index
The evaluation of index scores in CCME WQI is obtained as
stated in the literature (CCME, Canadian Council of Ministers of
the Environment, 2001; Feng et al., 2018; Zhu et al., 2019):

WQI = 100 −
√ F2

1   +F
2
2 + F2

3

� �

1:732
(3)

where F2
1 , F

2
2 , and F2

3 represent scope (number of variables,
whose objectives are not met), frequency (number of times by
which the objectives are not met), and amplitude (the amount by
which the objectives are not met), respectively, and are calculated
as follows:
B

C D

A

FIGURE 2 | Different sections of the mangrove forest. (A) Mangrove pneumatophores covered with algal bloom. (B) Avecinnia marina bed covered with algal bloom
and the plant burdened with high density of barnacles species. (C) Rhizophora forest during low water level with a eutrophic pool of water at high tide.
(D) Sonneratia and Avecinnia forest during high water level.
TABLE 1 | Water quality objective used in this assessment according to Chinese
Environmental Protection Agency, 2002 (GB3838-2002).

Water quality parameters WQOs

pH 6 – 9
EC (µs/cm) 1000
TDS (mg/L) 1000
Turbidity (NTU) 25
Nitrate (mg/L) 0.5 - 1
Phosphate (mg/L) 0.05
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F1 =
no :     of   failed   variables
total   no :     of   variables

� 100 (4)

F2 =
no :     of   failed   tests
total   no :     of   tests

� 100 (5)

F3 =
nse

0:01nse + 0:01
(6)

nse = oexcursion

total   no :     of   tests
(7)

excursion =
failed   tests   test
standard   value

− 1 (8)

Water quality is categorized into five different categories
based on the WQI scores: Poor (0–44), Marginal (45–64), Fair
(65–79), Good (80–94), and Excellent (95–100). According to the
environmental quality standards for surface waters (GB3838–
2002) (Table 1) in China, the water quality in the mangrove
forest during both seasons were classified as grade III with a
nitrogen concentration limit of 1 mg/L and a phosphorus
concentration limit of 0.05 mg/L (Ministry of Environment
Protection of the People's Republic, 2010; Ministry of
Environment Protection of the People's Republic, 2011).

2.6 Phytoplankton Alpha-Diversity Indices
The phytoplankton assemblage diversity was measured using
univariate statistics, such as alpha-diversity indices. This was
made possible using the software package PRIMER© version 7
(Plymouth Marine Laboratory, U.K.), and following the methods
described in Clarke and Warwick (2001) and Clarke and Gorley
(2006). Besides the Species richness (S), expressed as the number
of species per sample, the alpha-diversity indices were also
evaluated. These included the Shannon index (H′), the
Margalef index (d), Pielou’s (J’) diversity, Simpson’s (l)
dominance, and inverted Simpson’s (1 − l) index.

2.7 Statistical Analysis
Statistical analysis was carried out with the aid of XLSTAT (2016
version), SPSS (version 22.0), PAST 3, and PRIMER 7. Student’s
t-test analysis was carried out with the aid of XLSTAT (2016
version), while Pearson’s correlation was performed via SPSS
Frontiers in Marine Science | www.frontiersin.org 5
(version 22.0) at a significant level (p < 0.01) and (p < 0.05). CCA
ordination plot was carried through PAST 3.
3. RESULTS

3.1 Environmental Characteristics and
Pollution Indices Fluctuation
The univariate statistics of the environmental characteristics of the
11 water quality parameters including pollution indices across the
mangrove forest in two different seasons (dry and wet) are given in
Table 2. The pH was within the range for surface water standard
limit and showed no significant difference between the two seasons
(p < 0.05) while turbidity fluctuated above the limit across most of
the sampling sites during both seasons and showed no significant
difference between the two seasons. Electrical conductivity, total
dissolved solids, nitrate, and phosphate were significantly different
between the two seasons (p < 0.05 or p < 0.01). However, EC, TDS,
and phosphate values in most of the sampling sites were above the
standard limit, whereas nitrate was below the limit value inmost of
the sites during the wet season but above its limit value in the Pearl
River axis of the Guangdong coast during the dry season.

The calculated surface water quality index according to the
CCMEmethod(Figure3) showednosignificantdifferencebetween
the two seasons (p < 0.05) (Tables 3, 4). These values were basically
within the range of poor andmarginal category.Meanwhile, only at
sites gd-21 in the wet season and gd-27 in the dry season was the
water quality index recorded> 70 (fair). The sampling sites gd-33 to
gd-38 were under poor water quality category during both seasons.
The single-factor trophic state index analysis (TSI Chl a) showed a
significant difference between the two seasons (p < 0.01). Its index
value in the dry season was under mesotrophic to eutrophic state,
while in the wet season, it was basicallymesotrophic to oligotrophic
(Figure 4). Based on environmental variable pattern and TSI, we
found that pH, TDS/salinity, nitrate, and phosphate were positively
correlated with TSI, and were vital components of an ecological
process that influenced the trophic state in the mangrove forest.

According to Palmer (1969), a total of 18 species and 18
genera were identified as pollution-tolerant indicators during the
wet season, whereas in the dry season, a total of 14 species and 16
genera were identified (Table 5). These indicator species consist
of diatoms, cyanobacteria, green algae, and euglena (e.g.,
Cyclotella, Navicula, Nitzschia and Synedra, Gomphonema,
TABLE 2 | The temporal and spatial variation of environmental parameters and pollution indices during study period.

pH Temp
(°C)

EC (μs/
cm)

TDS
(ppt)

Salinity Turbidity
(NTU)

Nitrate
(mg/L)

Nitrite
(mg/L)

Phosphate
(mg/L)

Silicate
(mg/L)

Chl. A
(mg/m³)

CCME:
WQI

TSI
(Chl.A)

AGPI ASPI

Dry
season

8.04
±0.39

20.38
±3.88

33.11
±14.52

10.44
±5.89

18.96
±6.97

80.48
±94.05

2.31
±3.18

0.04
±0.03

0.65±0.72 1.79
±0.54

8.38
±8.78

47.84
±10.86

43.31
±10.76

19.10
±5.06

13.03
±6.75

Wet
season

7.96
±0.33

30.09
±2.45

3745
±1966.2

14.67
±5.96

12.67
±7.54

59.26
±41.23

0.13
±0.46

0.11
±0.37

0.46±0.69 2.25
±0.37

1.8±2.79 47.96
±12.99

25.11
±11.17

23.82
±6.54

16.57
±6.36

T-test Not
Sign.

Sign Sign. Not
Sign.

Sign. Sign. Sign. Sign. Sign. Sign. Sign. Not
Sign.

Sign. Sign. Sign.

Dry x
Wet

p <
0.05

p <
0.01

p <
0.01

p <
0.05

p <
0.01

p < 0.05 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p <
0.05

p <
0.01

p <
0.01

p <
0.05
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Melosira, Microcystis, Oscillatoria, Phormidium, Scenedesmus
Closterium, Pandorina, Stigeoclonium, Lepocinclis, and Phacus).
The micro plates of these species are given in Plate 1.

Moreover, the spatial and temporal variation of the algal
genus pollution index (AGPI) in the mangrove forest was
Frontiers in Marine Science | www.frontiersin.org 6
significantly different between the two seasons (p < 0.01)
(Table 2). The mean AGPI in the dry season was 19.10 ± 5.06,
significantly lower than that in the wet season (mean = 23.82 ±
6.54) (p < 0.01). The AGPI confirmed that all sampling sites in
the dry season experienced moderate to very high organic
FIGURE 3 | Aquatic water quality index of the mangrove forest at different locations using the CCME method.
TABLE 3 | Algal Genera and species of pollution interest that are included in the Palmer, 1969 and were detected in the mangroves.

Taxa number Genera index Pollution index value Species index Pollution index value

1 Microcystis 1 Ankistrodesmus falcatus 3
2 Ankistrodesmus 2 Cyclotella meneghiniana 2
3 Closterium 1 Euglena gracilis 1
4 Cyclotella 1 Euglena viridis 6
5 Euglena 5 Gomphonema parvulum 1
6 Gomphonema 1 Melosira varians 2
7 Lepocinclis 1 Navicula crptocaphala 1
8 Melosira 1 Nitzschia acicularis 1
9 Navicula 3 Nitzschia palea 5
10 Nitzschia 3 Oscillatoria limosa 4
11 Oscillatoria 5 Oscillatoria princeps 1
12 Pandorina 1 Oscillatoria tenuis 4
13 Phacus 2 Pandorina morum 3
14 Phormidium 1 Scenedesmus quadricauda 4
15 Scenedesmus 4 Stigeoclonium tenue 3
16 Stigeoclonium 2 Synedra ulna 3
17 Synedra 2 Arthrospira jenneri 2
18 Micractinium 1 Chlorella vulgaris 2
19 Chlorella 2 Total 48

Total 39
June 2022 | Volu
The bold values are the summation value of all the species index values at Genera index and Species index respectively.
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pollution (Figure 5). More so, all the sampling sites in the wet
season experienced moderate to very high organic pollution
except gd-23, where no evidence of organic pollution was
detected (Figure 5). Furthermore, the evaluation of organic
pollution status at the algal species level in the mangrove forest
revealed that numerous sampling sites were organically
threatened during the dry and wet season (Figure 6). The
spatiotemporal distribution of the organic pollution indicator
genera and species (Table 5) was significantly affected by water
quality parameters (p < 0.05 or p < 0.01) (Table 6).
3.2 Alpha-Diversity Index and Its
Relationship With Water Quality
Parameters
The t-test results showed no significant difference in the
spatiotemporal variation of alpha-diversity indices across
the mangrove forest (p < 0.05) (Table 2). The mean value of
the Margalef index was 16.71 ± 4.78 in the dry season and 14.82
± 3.38 in the wet season. The peak value of the Margalef index
was reported at the Leizhou Peninsula (gd-9: 26.91) during the
dry season and at the midsection of the Guangdong coast (gd-34:
21.05) during the wet season (Figure 7). We noted that different
environmental variables affected the species richness during the
dry and wet season. TDS/salinity, nitrate, phosphate, and silicate
affected the Margalef index during the dry season while pH, EC,
TDS/salinity, and silicate significantly affected it during the wet
season (Table 6). These results revealed that increased EC and
nutrient concentrations promote the phytoplankton species
richness in the mangrove forest. The Pielou index was 0.68 ±
0.17 in the dry season and 0.62 ± 0.12 in the wet season. Like the
Margalef index, the maximum value of the Pielou index was
recorded at the midsection of the Guangdong coast (gd-34: 0.85)
during the wet season and at the Leizhou Peninsula (gd-21: 0.91)
during the dry season (Figure 7). The Pielou index is a signal to
indicate community species evenness. Our results confirmed that
increased salinity in the dry season and EC in the wet season are
beneficial factors for species evenness across the mangrove forest
(Table 6). Variation on the Shannon–Weaver index (species
diversity) across the mangrove forest was influenced by different
environmental variables, which included the Margalef and Pielou
indices. However, the t-test showed that seasonal change had a
slight influence on the Shannon–Weaver index (p > 0.05). The
mean value of the Shannon–Weaver index during the dry season
and wet season was 3.29 ± 0.86 and 3.02 ± 0.63, respectively
(Figure 7). Our results confirmed that the Shannon–Weaver
index was controlled by increased TDS/salinity and nutrient salts
during the dry season, and by increased EC level and nutrient
salts concentration in the wet season (p < 0.05) (Table 6). pH and
salinity played a negative significant influence on the Shannon–
Weaver index during the wet season (p < 0.01) (Table 6). The
spatial distribution of the Simpson index in both dry and wet
periods in the mangrove forest was very similar to that of the
Shannon–Weaver index (Figure 7). Like the Shannon–Weaver
index, the variation of the Simpson index was influenced by the
same environmental variables during the dry and wet seasons,
respectively (Table 6) (p < 0.05). The Simpson index mean value
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B

A

FIGURE 4 | The spatial distribution of trophic state index in dry (A) and wet (B) seasons across the mangrove forest.
TABLE 5 | The calculated indices values during the dry season across the mangroves.

Sites CCEM TSI (Chl.A) AGPI ASPI d J' H' 1-l

gd2 43.48 53.21 16 18 12.99 0.65 3.05 0.93
gd3 65.07 43.17 19 8 13.63 0.69 3.2 0.88
gd6 52.08 40.12 20 11 19.31 0.77 3.83 0.95
gd8 58.25 44.68 19 14 11.37 0.67 3.03 0.92
dgd9 50.99 37.02 15 16 26.91 0.82 4.41 0.98
gd10 41.12 29.85 26 2 10.44 0.81 3.42 0.95
gd16 60.9 42.57 25 24 12.5 0.69 3.17 0.93
gd18 58.72 48.62 17 11 19.05 0.8 3.98 0.96
gd20 47.83 50.03 14 8 15.42 0.79 3.72 0.95
gd21 73.73 45.57 17 13 21.33 0.91 4.52 0.98
gd4 44.02 23.65 27 24 21.85 0.58 3.08 0.89
gd5 40.46 25.56 27 14 23.56 0.75 3.93 0.95
gd7 34.48 21.9 16 9 8.743 0.31 1.3 0.52
gd23 49.82 39.04 15 16 20.11 0.74 3.78 0.95
gd24 49.29 41.63 15 16 17.49 0.74 3.64 0.94
gd25 39.77 52.03 15 2 20.58 0.81 4.03 0.95
gd26 48.6 47.88 13 6 14.87 0.83 3.84 0.97
gd27 49.43 46.66 17 21 17.36 0.65 3.32 0.91
gd29 46.52 36.51 20 13 22.15 0.84 4.28 0.97
gd30 62.82 43.61 15 13 21.31 0.73 3.73 0.95
gd32 53.32 41.72 16 7 17.9 0.75 3.67 0.94
gd33 60.89 25.26 15 8 17.11 0.84 3.98 0.97
gd34 42.89 50.93 27 19 19.09 0.58 3.01 0.89
gd35 52.95 59.68 20 10 14.37 0.57 2.73 0.84
gd36 27.4 64.53 14 7 11.72 0.48 2.18 0.79
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was 0.89 ± 0.14 in the dry season and 0.87 ± 0.09 in the wet
season. The correlation analysis showed that the alpha-diversity
indices across the mangrove forest were significantly positively
correlated with each other in both seasons (p < 0.01) (Table 6).
Frontiers in Marine Science | www.frontiersin.org 9
3.3 Relationship Between Alpha-Diversity
Indices and Water Quality Indices
Correlation analysis showed that the CCME: WQI in the dry
season was significantly positively correlated with the Pielou
TABLE 5 | Continued

Sites CCEM TSI (Chl.A) AGPI ASPI d J' H' 1-l

gd37 39.38 62.65 14 7 5.44 0.21 0.8 0.36
gd1 35.43 52.76 22 12 12.87 0.69 3.14 0.91
gd39 38.85 46.14 19 10 14.98 0.59 2.87 0.89
gd40 36.18 45.05 27 20 16.58 0.35 1.77 0.68
gd41 30.44 37.32 31 32 20.25 0.63 3.29 0.9
June 2022 | Vo
lume 9 | Article 87
PLATE 1 | Some optical images of high organic tolerant microalgae that was present in the studied area. (1) Scenedesmus quadricauda var. biornatus f. giganticus
(av. diam. 10 µm); (2) S. armatus (av. diam. 6.5 µm); (3) S. quadricauda (av. diam. 6 µm); (4) Crucigenia quadrata (av. diam. 5.5 µm); (5) Pediastrum duplex (av. diam.
13.5 µm); (6) Pediastrum boryanum (av. diam. 16 µm); (7) Phacus longicauda (av. diam. 31 µm); (8) Closterium acerosum (av. diam. 53 µm); (9) Crucigenia fenestrate
(av. diam. 3.5 µm); (10) Pinnularia viridis (av. diam. 20.7 µm); (11) Scenedesmus obliquus (av. diam. 16 µm); (12) Oscillatoria princeps (av. diam. 25 µm); (13)
Lepocinclis acus (av. diam. 15 µm); (14) Anabaena circinalis (av. diam. 10 µm); (15) Arthrospira jenneri (av. diam. 4 µm); (16) A. spiraoides (av. diam. 8 µm); (17) S.
subsalsa (av. diam. 4 µm). Scale bar = 10 µm. LM magnification ×200.
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FIGURE 5 | The temporal and spatial variation of the algal genera pollution index score during the study period.
FIGURE 6 | The temporal and spatial variation of the algal species pollution index score during the study period.
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TABLE 6 | The calculated indices values during the wet season across the mangroves.

Sites CCEM TSI (Chl.A) AGPI ASPI d J' H' 1-l

gd2 28.91 28.34 28 29 14.6 0.65 3.14 0.91
gd8 65.04 40.76 21 16 11.41 0.69 3.12 0.91
gd11 41.33 53.27 15 5 7.425 0.56 2.33 0.83
gd13 65.63 33.71 29 13 14.35 0.62 2.96 0.84
gd15 36.2 18.7 13 7 8.693 0.36 1.65 0.66
gd16 51.92 41.19 19 18 17.49 0.61 3.08 0.87
gd18 35.82 13.9 21 20 14.87 0.61 2.94 0.85
gd20 50.83 3.65 23 18 17.44 0.51 2.62 0.86
gd7 63.54 28.73 25 10 11.15 0.49 2.26 0.73
gd23 64.04 23.73 9 8 9.669 0.51 2.29 0.83
gd24 35.57 30.37 21 15 15.8 0.54 2.74 0.87
gd26 53.96 24.09 20 18 13.66 0.46 2.22 0.68
gd27 76.62 28.5 24 17 14.69 0.64 3.12 0.93
gd29 36.2 22.3 19 13 14.37 0.49 2.39 0.84
gd32 64.63 6.96 28 13 16.3 0.85 4.05 0.97
gd34 46.92 34.28 32 30 21.05 0.62 3.28 0.91
gd35 40.64 20.15 32 16 15.44 0.76 3.63 0.93
gd37 42.77 22.02 35 24 19.06 0.68 3.52 0.94
gd1 48.23 11.18 26 17 17.21 0.69 3.45 0.93
gd38 36.28 24.89 20 11 19.65 0.78 3.98 0.96
gd39 40.92 22.16 30 21 14.81 0.7 3.42 0.95
gd40 41.53 20.49 27 19 15.7 0.77 3.75 0.95
gd41 35.63 24.21 31 23 16.06 0.72 3.55 0.94
Frontiers in Marine
 Science | www.fronti
ersin.org
 11
 June 2022 | Vo
lume 9 | Article 87
B

A

FIGURE 7 | The spatial distribution of phytoplankton alpha-diversity indices during dry (A) and wet (B) seasons. (d = Margalef index; J′ = Pielou index; H′ =
Shannon–Weaver index; 1 − l = Simpson index).
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index, Shannon index, and Simpson index (p < 0.05 or p < 0.01)
(Table 6). This implies that the water quality (poor to marginal
category) factors during the dry season influenced the species
evenness, diversity, and dominance. The TSI was negatively
correlated with the alpha-diversity indices in both seasons (p <
0.05) (Table 6). The correlation analysis of AGPI and ASPI
during the dry season showed no significant relationship with
all the diversity indices; instead, a significant positive correlation
was recorded in the wet season (p < 0.01). This implies that a
greater proportion of the phytoplankton species in the mangrove
forest were made up of organic pollution indicators.

The multivariate statistical relationships of the algal indices,
algal pollution indices, trophic state index, and environmental
parameters revealed that the canonical axes of algal indices/
environmental parameters during the dry and wet season
significantly accounted for 97.56% (pseudo-F = 0.27, p <
0.001), whose axes 1 and 2 explained 95.22% (Eigenval = 0.26,
p = 0.001) and 2.34% (Eigenval = 0.006, p = 0.033) variation,
respectively (Figure 8). This explains the fact that the applied
indices and TSI during both seasons related positively to the
environmental parameters on each axis.
4 DISCUSSION

Phytoplankton diversity indices have been shown to be a useful
approach in the evaluation of community structure (e.g.,
evenness, richness, function, and stability) (Mousing et al.,
2016); specifically, phytoplankton alpha-diversity indices have
been applied as a tool for trophic state assessment and monitoring
Frontiers in Marine Science | www.frontiersin.org 12
of the potential harmful algae blooms (Yang et al., 2016; Katsiapi
et al., 2020; Meng et al., 2020). Deduction of ecological traits, which
include ecological information of richness, abundance, and
evenness, is the main advantage of phytoplankton alpha-diversity
index evaluation (Mousing et al., 2016; Tian et al., 2017). Also, the
evaluation of algal pollution indices that make use of pollution-
tolerant taxa as developed by Palmer (1969) has the potential of
detecting early signs of organic pollution in coastal ecosystems
before reaching eutrophication state without chemical analysis of
the water body. Organic pollution has become a major concern in
the mangrove forest due to increased urbanization, aquaculture,
agricultural activities, and tourism (Adam et al., 2018; Temino-Boes
et al., 2019; Inyang and Wang, 2020). In this study, it is
hypothesized that the phytoplankton alpha-diversity indices and
algal pollution indices have the potential to provide a signal linking
trophic state and water quality index variation in the mangrove
forest. Moreover, our results showed that the phytoplankton alpha-
diversity indices and algal pollution indices relate to the water quality
parameters, presenting an obvious variation in seasonal scale. In
addition, the phytoplankton alpha-diversity indices and algal
pollution indices had a close relation with the trophic states index
andCCME:WQI as revealed by themultivariate analysis. All of these
findings verified our hypothesis that the phytoplankton alpha-
diversity indices and algal pollution indices were a potential signal
for indicating environmental variations in the mangrove forest.

4.1 Impact of Water Quality Fluctuation on
Algal Indicator Species
The mangrove forest in China had been burdened by sewage
(Wong et al., 1997; Wu et al., 2008) from households and
FIGURE 8 | CCA ordination showing the response relationship of the biodiversity indices, trophic state indices, and environmental variables in the mangrove ecosystem
during dry and wet seasons. (N, algal abundance; d, Margalef index; J′, Pielou index; H′, Shannon–Weaver index; 1 − l, Simpson index; AGPI, Algal genus pollution
index; ASPI, Algal species pollution index; EC, Electrical conductivity; Sali, salinity; Chl, Chlorophyll-a; Nitra, Nitrate; Nitri, Nitrite; Phos, phosphate; Silic, Silicate).
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industries, and by aquaculture wastewater, which has resulted in
the deterioration of the forest in some places (Figure 2). Regina
et al. (2019) pointed out that the development of tourism,
agricultural facilities, and urban cities along the coast causes
serious mangrove degradation in Mexico. The CCME: WQI had
revealed that the water quality in the mangrove forest remained
under poor and marginal conditions in both seasons, indicating
the impact of the discharged effluent from the river, aquaculture
facilities, farmland, and coastal industries (Inyang and Wang,
2020). In the present study, the nutrient parameters, EC, TDS,
and turbidity showed a significant spatiotemporal difference (p <
0.05), which directly affects the diversity and dispersal of
phytoplankton in the forest (Saifullah et al., 2014). Thus, the
dynamics of algal assemblage can be an excellent bio-indicator in
spatial and temporal monitoring of the forest.

The changes in hydrodynamics and the seasonal environmental
change act as driving factors for phytoplankton abundance
(Mohammad-Noor et al., 2013) and productivity (Pradhan and
Shaikh, 2011). This indicates that the dynamic characteristics of the
phytoplankton community in the mangrove forest are closely
linked to the water quality parameter fluctuation. It was found
that diatom indicator species dominate the plankton community
and aremore abundant in thewet season than in the dry season (p<
0.05). In contrast, indicator species of cyanobacteria and euglena
showed no significant variation in abundance during wet and dry
periods. It was noted that the motile species of cyanobacteria and
euglena were predominant in the forest. During the wet season, it
was discovered for low concentrations of nitrate and nitrite, which
correspondedwith a high abundance ofPseudanabaena sp. The EC
and nutrients strongly influenced indicator species of
cyanobacteria, green algae, and euglena (Yuan et al., 2018; Meng
et al., 2020).

4.2 Alpha-Diversity Indices and Algal
Pollution Indices’ Response to Water
Quality Indices
Recent studies suggest that environmental variables may be vital
for influencing phytoplankton alpha-diversity patterns (Yang
et al., 2016; Tian et al., 2017). In this study, which is based on
spatial correlation analysis, it was found that EC, turbidity, and
temperature were considerable factors in the fluctuation range of
the phytoplankton alpha-diversity pattern other than nutrient
salts in the dry season. pH, TDS, and salinity affect the
phytoplankton alpha-diversity pattern in the wet season. These
results showed that alpha-diversity was not significantly different
between the two seasons, suggesting that the seasonal changes in
hydrological characteristics did not necessarily promote the
richness and evenness in the phytoplankton community
temporally. Meanwhile, alpha-diversity is considered positively
dependent on catchment characteristics (Stefanidou et al., 2020).
Increases in the Shannon–Weaver, Simpson, and Pielou indices
were primarily interpreted as indicators of community stability
and improved trophic status (Yang et al., 2020).

The Simpson, Margalef, and Pielou indices were negatively
correlated with TSI during both seasons, and positively
significantly correlated with CCME: WQI in the dry season (p <
Frontiers in Marine Science | www.frontiersin.org 13
0.01). Meanwhile, the Margalef index is recorded as a signal for
indicating the richness of the community in aquatic and terrestrial
ecosystems (Yang et al., 2016). It also was found that pH, TDS, and
salinity relatively influenced the phytoplankton richness through
the exchange ofwater and nutrients in the wet season. High EC and
trophic state with low salinity and pH provide an appropriate
condition for colonization of cyanobacteria and green algae
indicator species. The mangrove forest’s environmental
conditions, such as shallow and calm water and a high trophic
state, create a unique habitat and provide ambient conditions for
phytoplankton proliferation. This study revealed that the Margalef
andPielou indices presented a significant correlationwithpollution
indices (AGPI and ASPI). This implied that the main Palmer
pollution indices depend on the species richness and the presence
of individual indicator taxa. This correlation is governed by water
quality variation. In addition, we inferred that the relevant
phytoplankton index assessment could be made by a
corresponding ordination analysis for visualizing the interaction
of phytoplankton diversity, trophic indices, and nutrient
concentrations through multivariate statistical methods.
However, our ordination evaluation revealed that the trophic
state indices relate significantly with the alpha indices and with
the nutrient variation during both seasons (Figure 8) (p < 0.001).
Understanding the relationships between diversity indices and
trophic state aspects remains a challenge in coastal water
research, and at the same time, it is essential for establishing
watermanagement databases on a larger spatial and temporal scale.
5 CONCLUSIONS

The possibility of algal indices (alpha-diversity and algal
pollution indices) to serve as a biological indicator to assess
water quality variation in the mangrove forest was investigated in
the present study. The multivariate statistical analysis revealed
that environmental variables (like pH, TDS, salinity, EC, and
nutrients) strongly influenced the alpha-diversity indices and
trophic states during different sampling seasons. Spatially, the
water quality variables relatively impacted the algal indices
during the dry and wet season due to the differences in
catchment characteristics. Based on the CCME: WQI
evaluation, the surface water of the Guangdong mangrove
forest experiences various levels of enrichment across the
sampling sites. TDS, EC, turbidity, nitrate, and phosphate were
above the surface water standard limit in most of the studied sites
during both seasons. Because of the pressure from fish farming
facilities, tourist activities, agricultural activities, and urban cities,
the Leizhou Peninsula and other parts of the Guangdong coast
experienced mesotrophic to eutrophic state pollution during
both seasons. The pollution indicator species showed a
seasonal variation in its distribution pattern, probably due to
the temporary changes in water quality variables. The
development of integrated algal indices is beneficial for
environmental regulation since the mangrove forest is very
important for the production, diversity, relative abundance,
and fecundity of phytoplankton.
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