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Abstract: Phytoplankton taxonomic α-diversity indices are useful tools to characterize the trophic
states in freshwater ecosystems. However, the application of these indices to assess trophic states
in large barrier lakes is rare, especially in China. To test the usefulness of phytoplankton taxo-
nomic α-diversity indices in trophic state assessments, we investigated the taxonomic α-diversity-
Comprehensive Trophic Level Index (TLI) relationships in the second largest alpine lava barrier lake
(Jingpo Lake, China) in the rainy and dry season from 2017 to 2018. Based on a two-year dataset, we
found that there was a significant difference in the phytoplankton community, α-diversity indices,
and TLI dynamic between the rainy season and the dry season. First, there was significant varia-
tion in phytoplankton abundance, the Margalef index, and the Shannon-Wiener index in different
hydrological periods (p < 0.05). Second, the mean TLI in the rainy season (44 ± 5) was higher
than in the dry season (41 ± 5) (p < 0.05). Lastly, the response characteristics of the Margalef and
Shannon-Wiener index with TLI were different in different hydrological periods, and the relationship
between the Pielou evenness index and TLI was weak. This study highlights that phytoplankton
taxonomic α-diversity indices are relevant tools in water quality assessments but selecting the fit
index is necessary. The current study provides key information about phytoplankton community,
α-diversity, and trophic states in the largest alpine lava barrier lake, and the results of the study will
benefit water quality management and biodiversity conservation in barrier lakes.

Keywords: phytoplankton; alpha diversity indices; barrier lake; TLI

1. Introduction

Phytoplankton are quantitatively vital primary producers in lake ecosystems [1]. They
comprise more than half of the total primary production in lakes [2,3]. Thus, they play
a critical role in lake food webs. Due to their key role in lake food webs, phytoplankton
are one of the widely used biological quality parameters that monitor and assess fresh-
water ecosystems [4]. These examples have demonstrated that adequate investigation of
the availability and limitations of α-diversity indices can provide important assistance
for water quality conservation [5,6]. Additionally, phytoplankton communities play an
important role regarding biomonitoring, particularly for the indication of anthropogenic
eutrophication [7,8]. Phytoplankton diversity metrics are indisputably one of the most
frequently used quantitative descriptors of water quality in freshwater ecosystems [9,10].
Metrics such as biomass, sensitivity/tolerance, composition, and bloom metrics are ir-
refutably useful ecological state indicators [11,12]. Phytoplankton taxonomic diversity
indices are widely utilized to assess water quality because they are simple to calculate and
contain detailed ecological information [13–15]. There are some arguments regarding the
usefulness of phytoplankton taxonomic α-diversity indices in different aquatic systems
(lotic or lentic ecosystem). Schuster et al. [14] noted that phytoplankton diversity metrics
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are relevant tools for describing lotic ecosystem properties, such as complexity, stability,
and functioning. In recent years, phytoplankton diversity indices have become universal
indices used for biological trophic states assessment in lentic ecosystems [15]. Thus, testing
the usefulness of phytoplankton taxonomic diversity indices in trophic states assessments
is beneficial for water quality management and biodiversity conservation.

Lake ecosystems experience various changes as a result of anthropogenic interfer-
ence [16]. The input of agrochemicals from agricultural activities, urbanization, and tourism
has a damaging impact on lake ecosystems [17]. Urbanization and anthropogenic discharge
result in eutrophication in many inland lakes [18]. The loss of biodiversity and integrity
have a major impact on the serving and functioning of lakes [19]. A significant measure
of a healthy lake ecosystem is the state of the physicochemical environment and diver-
sity indices. However, most studies showed that measuring physical and chemical water
quality parameters did not accurately represent the status and disturbance events in the
lake systems over time [13]. Phytoplankton α-diversity indices have proven to be the most
successful in capturing instant impacts caused by pollutants at very low concentrations [15].
An increase in the phytoplankton Shannon-Wiener index, such as that shown in the study
of Lake Chao Hu, may be a response to anthropogenic eutrophication [20]. Phytoplankton
diversity patterns provide excellent information about anthropogenic impacts [14]. How-
ever, varying results have been reported for eutrophication in different areas. Notably, the
correlation between phytoplankton diversity and trophic states in quake lakes remains
poorly documented.

Heilongjiang province is one of the most developed areas in NE China. The 90.3 km2

area of Jingpo Lake, China’s largest alpine lava barrier lake, flows through the center
of this region. The average depth of Jingpo Lake is 40 m. The Jingpo Lake has experi-
enced rapid industrialization and urbanization since the end of the 1970s and it became
one of the greatest hydroelectric power station regions and densely populated areas in
northeastern China [21]. Furthermore, Jingpo Lake is an important tourism and cultural
area. Urbanization, industrialization, agriculture, and tourism have resulted in eutrophica-
tion and pollution in Jingpo Lake in the past decade. Previous studies have shown that
Jingpo Lake is mesotrophic to eutrophic [22]. The phytoplankton community documented
in Jingpo Lake indicates a low diversity and a wide distribution of potentially harmful
species [23,24]. However, none of these studies evaluated the relationship between phyto-
plankton α-diversity and trophic states in Jingpo Lake. The application of phytoplankton
α-diversity indices should be strongly considered in rhithral and large river water quality
assessments. However, the efficiency of phytoplankton α-diversity indices in assessing
the water quality of barrier lakes are still disputed. Phytoplankton α-diversity indices are
influenced by various physical disturbances and show high within year variability; thus,
there is no agreement on the usefulness of these indices as water quality indicators.

This study involved a Comprehensive Trophic Level Index (TLI) where three α-
diversities (the Shannon-Wiener, Margalef, and Pielou indices) were measured in the rainy
season (August) and dry season (October) of Jingpo Lake from 2017 to 2018. Correlation
analysis (CA) and spatial interpolation analysis (inverse distance weighting, IDW) were
used to understand the response of phytoplankton taxonomic α-diversities to trophic states.
The aims of the study are as follows: (1) to provide key information about phytoplankton
community and α-diversity indices dynamics in Jingpo Lake, and (2) to test the usefulness
of phytoplankton taxonomic diversity indices in assessing the trophic state in Jingpo Lake.

2. Materials and Methods
2.1. Study Area, Sample Collection, and Laboratory Analyses

Jingpo Lake is the largest alpine lava barrier lake in China and the second largest in
the world. It is a typical river connected deep water lake with special topography and
landform. It has a water area of 91.5 km2 and a water storage capacity of 11.8 × 108 m3. It
is about 45 km in length (mean depth 40 m, maximum depth 70 m in rainy season). The
highest water level (354 m) occurs from June to August (rainy season), and the lowest
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water level (330 m) is recorded from September to November (dry season). In the middle
of the 20th century, the water quality of Jingpo Lake was class I, based on the Surface Water
Environmental Quality Standard China (GB 3838-2002). Due to the development of tourism
and the intensification of anthropogenic activities, the water quality decreased to class III
in the 1980s, and the distribution area of blue-green algae increased gradually, accounting
for 40% of the water surface at its highest time. In 2016, the water quality of Jingpo Lake
was class IV.

In the present study, a total of four samples were taken during the study period
(August 2017, October 2017, August 2018, October 2018). We collected water samples from
thirty-four stations in Jingpo Lake (Figure 1). Sites S1 and S2 were located in the north part
of the inflow rivers around Lake Jingpo, and Sites S30–S34 were located in the south part of
the inflow rivers around Jingpo Lake. At each sampling station, geographic coordinates
were determined using a Garmin Etrex GPS. Three replicate phytoplankton samples were
collected from subsurface water (5-50 cm) using a 10 L bucket and then filtered through
a 20 µm mesh plankton net. A total of 10 L were collected by a plastic bottle preserved
with 1% Lugol’s solution and refrigerated in dark conditions until laboratory analysis [20].
At the same time with phytoplankton sampling, the 10 L samples for physical chemical
analyses were collected. All of the samples for physical chemical analyses were preserved
immediately in a brown glass bottle at 4 ◦C in a portable refrigerator. A YSI probe was used
to assess physical parameters such as conductivity, dissolved oxygen, water temperature,
and pH. Total nitrogen (TN), total phosphorus (TP), chlorophyll a (Chl-a), and chemical
oxygen demand (CODMn) were determined according to the Chinese national standards for
water quality in a laboratory within 24 h [20]. The phytoplankton samples were counted at
the 0.1 mL counting chamber under 400×magnification by light microscope (Optec B302,
Chongqing, China). The species were identified and enumerated to the highest resolution
possible. The identification of phytoplankton species was completed using descriptions of
species found in the literature [25,26].
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2.2. Taxonomic α-Diversity Indices

The dominant species of phytoplankton were determined based on the dominance
value, Y, for each species, as follows [27]:

Y = Pi × fi

Phytoplankton taxonomy diversity indices were evaluated using the Shannon-Wiener
diversity index, the Margalef index, and Pielou evenness index.

Shannon-Wiener index:

H′ = −
s

∑
i=1

Pi× ln Pi

Margalef index:
H = (S− 1)/ ln N

Pielou evenness index:
J = H′/ ln S

where ni and N are the numbers of individuals of species i and the total number of
individuals of all species within site; S is the total species in the sample; fi is the occurrence
frequency of the species i; Pi = ni/N. Evaluation standard: Margalef > 5 cleanness, >4
oligotrophic, >3 β-mesotrophic, <3 α-mesotrophic; Shannon-Wiener index > 3 oligotrophic,
2–3 β-mesotrophic, 1–2 α-mesotrophic, 0–1 eutrophic.

2.3. Statistical Analysis

In the current study, eight physicochemical parameters were considered for multivari-
ate statistical analysis, including WT, DO, conductivity, pH, Chl-a, TN, TP, and CODMn.
All eight factors and phytoplankton metrics were normalized using [log10(x ± 1)] transfor-
mation. Independent-samples t-test and Spearman correlation analysis were performed in
SPSS 20.0 Software.

2.4. Comprehensive Trophic Level Index (TLI)

Comprehensive TLI was performed to determine the trophic status of Jingpo Lake.
The equations for TLI are as follows [28]:

TLI(TN) = 10(14.625 + 4.979 ln TN)

TLI(TP) = 10(24.286 + 4.895 ln TP)

TLI(CODMn) = 10(6.230 + 2.079 ln CODMn)

TLI(∑) = TLI (TP) ∗ 0.3414 + TLI (TN) ∗ 0.3253 + TLI (CODMn) ∗ 0.3333

Evaluation standard: 0 < TLI ≤ 30 oligotrophic, 30 < TLI ≤ 50 mesotrophic,
TLI > 50 eutrophic, 50 < TLI ≤ 60 light eutrophic, 60 < TLI ≤ 70 middle eutrophic,
TLI > 70 high eutrophic [29].

3. Results
3.1. Environmental Characteristics and Trophic States

Four environmental parameters, WT, TN, TP, and CODMn, presented significant
differences (p < 0.05) between the two periods, whereas three variables, conductivity, pH,
and DO were not significantly different (p > 0.05) (Table 1). TP was generally high during
the dry season, whereas TN was generally high during the rainy season. An analysis of the
spatial and temporal variations of total TLI (the combination of the TLI for TP, TN, CODMn)
was performed (Figure 2). The results of TLI indicated that the trophic states of the study
area are mesotrophic. The mean TLI in the rainy season was 44 ± 5 and that in the dry
season was 41 ± 5 (p < 0.05).
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Table 1. The temporal and spatial variation of environmental parameters during the study period.

SpCond
(µs/cm)

WT DO pH TN TP CODMn
(°C) (mg/L) (mg/L) (mg/L) (mg/L)

Rainy season 106 ± 77 25.37 ± 7.73 9.1 ± 3.6 9.00 ± 2.715 0.20 ± 0.08 0.02 ± 0.02 1.25 ± 1.2
Dry season 126.75 ± 44.65 10.55 ± 6.45 8 ± 6 8.13 ± 1.415 0.14 ± 0.09 0.03 ± 0.023 3.16 ± 2.98

2017 123.5 ± 94.5 15.93 ± 7.53 8 ± 6 8.995 ± 2.715 0.15 ± 0.08 0.03 ± 0.0225 3.09 ± 3.04
2018 133.4 ± 48.4 14.33 ± 12.69 8.13 ± 3.88 8.73 ± 1.55 0.23 ± 0.17 0.03 ± 0.02 2.69 ± 2.51

t-Test

Dry season × Rainy season ns p < 0.01 ns ns p < 0.01 p < 0.05 p < 0.05
2017 × 2018 ns ns ns ns ns ns ns

ns: Not significant (p > 0.05).
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3.2. Temporal-Spatial Variations of Phytoplankton Diversity Indices

A total of 137 species of phytoplankton belonging to 8 phyla and 103 genera were
identified, including Chlorophyta (37%), Bacillariophyta (31%), Cyanobacteria (16%), Eu-
glenophyta (6%), Cryptophyta (4%), and others (6%). The range of total phytoplankton
abundance at each sample station ranged from 0 × 104 ind./L to 1158.67 × 104 ind./L
during the study period. There was significant variation in the phytoplankton abundance
in different hydrological period (p < 0.05). Overall, Cyanobacteria and Bacillariophyta were
codominant in the study period, which contributed to more than 80% of total phytoplank-
ton abundance (mean 13.69 × 104 ind./L and 90.43 × 104 ind./L, respectively) (Table 2).
According to the dominance index (Y ≥ 0.02), 34 species of dominant algae (Table 3) were
identified. The five dominant species were identified with the highest relative abundance,
namely Fragilaria capucina, Melosira granulata, Melosira varians, Nitzschia palea, and Cryp-
tomonas erosa. The Margalef index showed a significant change between the rainy season
(2.15 ± 2.58) and the dry season (2.27 ± 2.66). The t-test showed a significant difference in
the hydrological period (p < 0.05). The spatial and temporal distribution of phytoplankton
determined by the Shannon-Wiener index was very similar to the Margalef index. The
Shannon-Wiener index of the interconnected aquatic habitats was 1.69 ± 1.34 in the rainy
season and 1.54 ± 1.42 in the dry season. The Margalef index patterns revealed that the
increased rainfall reduced the richness of the phytoplankton community. There was also
a significant difference in the Margalef (Figure 3) and Shannon-Wiener (Figure 4) indices
(p < 0.05) between the 2017 and the 2018. The Pielou evenness index of the rainy season
was 0.70 ± 0.36 and 0.72 ± 0.28 in the dry season (Figure 5).

Table 2. The temporal and spatial variation of phytoplankton community structure and taxonomy
diversity indices in Jingpo Lake from 2017 to 2018.

t-Test

Rainy Season Dry Season 2017 2018 2017–2018 Rainy Season
× Dry Season 2017 × 2018

Average abundance
(×104 ind./L) 159.91 100.27 77.10 188.25 130.09 p < 0.05 p < 0.05

Bacillariophyta
(×104 ind./L) 101.83 ± 165.52 79.03 ± 172.29 68.19 ± 182.57 114.77 ± 150.04 90.43 p < 0.05 p < 0.05

Cyanobacteria
(×104 ind./L) 25.56 ± 54.56 1.82 ± 4.94 2.20 ± 5.90 26.64 ± 56.00 13.69 p < 0.05 p < 0.05

Chlorophyta
(×104 ind./L) 19.79 ± 40.36 2.94 ± 5.56 1.19 ± 2.94 22.70 ± 40.75 11.37 p < 0.05 p < 0.05

Cryptophyta
(×104 ind./L) 9.29 ± 14.74 13.67 ± 22.82 4.43 ± 9.72 18.83 ± 23.51 11.48 ns p < 0.05

Euglenophyta
(×104 ind./L) 2.92 ± 6.60 1.71 ± 7.78 0.65 ± 1.61 4.12 ± 9.93 2.32 ns p < 0.05

other
(×104 ind./L) 0.52 ± 1.38 1.10 ± 3.14 0.43 ± 2.27 1.20 ± 2.51 0.81 ns ns

Margalef index 2.15 ± 2.58 2.27 ± 2.66 1.31 ± 2.66 3.15 ± 1.94 2.23 p < 0.05 p < 0.01
Shannon-Wiener index 1.69 ± 1.34 1.54 ± 1.42 1.21 ± 1.28 2.04 ± 1.88 1.63 p < 0.05 p < 0.01

Pielou index 0.70 ± 0.36 0.72 ± 0.28 0.74 ± 0.33 0.68 ± 0.33 0.71 ns ns

ns: Not significant (p > 0.05).

Table 3. Relative abundance of dominant species of phytoplankton in Jingpo Lake from 2017 to 2018.

Rainy Season Dry Season 2017 2018

Bacillariophyta

Fragilaria capucina 19.08% 2.76% 3.65% 17.10%
Ulnaria ulna 8.49% 3.75% 4.42% 7.74%

Asterionella formosa 0.14% 0.32% 0.14% 0.17%
Melosira granulata 12.63% 4.80% 2.24% 12.97%

Melosira granulata var. angustissima 0.76% 0.22% 1.56% 0.12%
Aulacoseira pusilla 0.14% 0.36% 0.45% 0.14%
Melosira varians 0.29% 13.72% 16.58% 0.35%
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Table 3. Cont.

Rainy Season Dry Season 2017 2018

Nitzschia palea 5.26% 6.86% 11.49% 3.41%
Cymbella turgidula 3.78% 4.86% 8.48% 2.31%

Gomphonema parvulum 0.15% 0.97% 1.08% 0.18%

Chlorophyta

Crucigenia rectangularis 4.64% 0.07% 0.14% 4.23%
Crucigenia apiculata 1.52% 0.07% 0.14% 1.40%
Schroederia spiralis 1.03% 0.52% 0.14% 1.21%
Schroederia robusta 0.14% 0.27% 0.19% 0.09%

Ankistrodesmus angustus 0.72% 0.63% 0.14% 0.97%
Ankistrodesmus falcatus 0.08% 0.63% 0.14% 0.35%

Ankistrodesmus acicularis 0.06% 0.06% 0.06% 0.06%
Eudorina echidna 1.03% 0.14% 0.11% 0.90%
Pandorina morum 0.24% 0.14% 0.46% 0.14%

Ulothrix subconstricta 0.06% 0.06% 0.06% 0.06%

Cyanobacteria

Pseudanabaena limnetica 6.10% 0.19% 0.06% 5.58%
Anabaena azotica 4.12% 0.31% 1.33% 3.31%

Anabaena catenula 3.78% 0.14% 0.14% 3.42%
Aphanizomenon flosaquae 0.35% 0.14% 0.14% 0.32%

Oscillatoria princes 0.22% 0.17% 0.21% 0.20%
Aphanocapsa delicatissima 0.14% 0.14% 0.14% 0.14%
Merismopedia tenuissima 0.14% 0.68% 0.14% 0.48%

Chroococcus minutus 0.07% 0.07% 0.07% 0.07%

Cryptophyta

Chroomonas caudata 0.68% 2.56% 0.14% 1.97%
Chroomonas acuta 0.16% 0.20% 0.57% 0.14%
Cryptomonas erosa 3.65% 10.59% 5.01% 6.76%
Cryptomonas ovata 1.32% 0.28% 0.16% 1.27%

Euglenophyta Euglena viridis 0.65% 0.46% 0.22% 0.74%
Trachelomonas oblonga 0.49% 0.66% 0.42% 0.61%

3.3. The Correlation between Phytoplankton Taxonomic α-Diversity Indices and TLI

Correlation analysis (CA) showed that the TLI in all samples was weakly positively
correlated when using the Margalef (r = 0.066, p > 0.05), Shannon-Wiener (r = 0.074, p > 0.05),
and Pielou indices (r = 0.074, p > 0.05) (Table 4) in all samples. Additionally, CA in all
samples based on different hydrological periods was performed. The result of CA between
phytoplankton taxonomic α-diversity indices and TLI in rainy season samples was different
in all samples (Table 4), which significantly correlates with Margalef (r = 0.495, p < 0.01)
and Shannon-Wiener indices (r = 0.494, p < 0.01). The results of CA between phytoplankton
taxonomic α-diversity indices and TLI in dry season were similar in all the samples, with
significantly negative correlation with the Margalef (r = −0.513, p < 0.01) and Shannon-
Wiener indices (r = −0.411, p < 0.01) (Table 4). In this study, Spearman correlation analysis
showed that the Margalef index for all samples was significantly positively correlated with
the Shannon-Wiener index (r = 0.886, p < 0.01), and significantly negatively correlated
with the Pielou index (r = −0.241, p < 0.01) (Table 5). In summary, the Margalef and
Shannon-Wiener indices showed a strong correlation with the other two indices in all
hydrological periods.



Diversity 2022, 14, 1003 8 of 17
 

 
 

 

 
Diversity 2022, 14, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/diversity 

 

  

  
Figure 3. The spatial distribution of Margalef Index in study period. (a) Rainy season (August 2017); 

(b) dry season (October 2017); (c) rainy season (August 2018); (d) dry season (October 2018). The 

interpolation map was constructed by ArcGIS software using the Inverse Distance Weighting 

method. 

Figure 3. The spatial distribution of Margalef Index in study period. (a) Rainy season (August 2017);
(b) dry season (October 2017); (c) rainy season (August 2018); (d) dry season (October 2018). The
interpolation map was constructed by ArcGIS software using the Inverse Distance Weighting method.



Diversity 2022, 14, 1003 9 of 17Diversity 2022, 14, x FOR PEER REVIEW 2 of 18 
 

 

  

  
Figure 4. The spatial distribution of Shannon‒Wiener Index in study period. (a) Rainy season (Au-

gust 2017); (b) dry season (October 2017); (c) rainy season (August 2018); (d) dry season (October 

2018). The interpolation map was constructed by ArcGIS software using the Inverse Distance 

Weighting method. 

Figure 4. The spatial distribution of Shannon-Wiener Index in study period. (a) Rainy season (August
2017); (b) dry season (October 2017); (c) rainy season (August 2018); (d) dry season (October 2018). The
interpolation map was constructed by ArcGIS software using the Inverse Distance Weighting method.



Diversity 2022, 14, 1003 10 of 17Diversity 2022, 14, x FOR PEER REVIEW 3 of 18 
 

 

  

  

Figure 5. The spatial distribution of Pielou evenness index in study period. (a) Rainy season (August 

2017); (b) dry season (October 2017); (c) rainy season (August 2018); (d) dry season (October 2018). 

The interpolation map was constructed by ArcGIS software using the Inverse Distance Weighting 

method. 

3.3. The Correlation between Phytoplankton Taxonomic α-Diversity Indices and TLI 

Correlation analysis (CA) showed that the TLI in all samples was weakly positively 

correlated when using the Margalef (r = 0.066, p > 0.05), Shannon-Wiener (r = 0.074, p > 

0.05), and Pielou indices (r = 0.074, p > 0.05) (Table 4) in all samples. Additionally, CA in 

all samples based on different hydrological periods was performed. The result of CA be-

tween phytoplankton taxonomic α-diversity indices and TLI in rainy season samples was 

different in all samples (Table 4), which significantly correlates with Margalef (r = 0.495, p 

< 0.01) and Shannon-Wiener indices (r = 0.494, p < 0.01). The results of CA between phyto-

plankton taxonomic α-diversity indices and TLI in dry season were similar in all the sam-

ples, with significantly negative correlation with the Margalef (r = −0.513, p < 0.01) and 

Figure 5. The spatial distribution of Pielou evenness index in study period. (a) Rainy season (August
2017); (b) dry season (October 2017); (c) rainy season (August 2018); (d) dry season (October 2018). The
interpolation map was constructed by ArcGIS software using the Inverse Distance Weighting method.

Table 4. The correlation coefficients found by CA of diversity indices and TLI in Jingpo Lake during
the study periods.

Margalef Index Shannon-Wiener
Index

Pielou Evenness
Index

All
Correlation with TLI 0.066 0.074 0.074

Rainy-season
Correlation with TLI 0.495 ** 0.494 ** 0.043
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Table 4. Cont.

Margalef Index Shannon-Wiener
Index

Pielou Evenness
Index

Dry-season
Correlation with TLI −0.513 ** −0.411 ** 0.172

2017
Correlation with TLI 0.219 0.273 * 0.241

2018
Correlation with TLI −0.005 −0.062 −0.125

* Denotes p < 0.05 (two-tailed). ** Denotes p < 0.01 (two-tailed).

Table 5. The correlation coefficients found by CA of diversity indices in Jingpo Lake during the
study periods.

Margalef Index Shannon-Wiener Index Pielou Evenness Index

Samples
All Dry

Season
Rainy

Season All Dry
Season

Rainy
Season All Dry

Season
Rainy

Season

Margalef index
All 0.886 ** −0.241 **

Dry Season 0.64 0.92 ** 0.6 0.53 0.13
Rainy Season 0.54 0.93 ** 0.31 0.24

Shannon-Wiener index
All 0.082

Dry Season 0.51 0.78 ** 0.13
Rainy Season 0.29 0.53

Pielou evenness index
All

Dry Season 0.12
Rainy Season

** Denotes p < 0.01 (two-tailed).

4. Discussion

Two basic techniques from limnology and ecology are used to assess lake trophic states.
One is TLI, such as using the weight score of concentration of TN, TP, and CODMn in the
water column [29]. The other is taxonomic α-diversity indices in the water column [30,31].
Based on these two tools, it is possible to comprehensively reveal the trophic states in barrier
lakes. The development of efficient tools to assess trophic states is a key component in
environmental safety conservation and ecological health framework. Taxonomic α-diversity
indices reflect the present state and past trends of accurate information with respect to the
environmental behavior since it records cumulative changes over time [32]. In particular,
phytoplankton taxonomic α-diversity indices have also been used as a tool to assess the
impact of hydrological connectivity on phytoplankton community dynamics [33,34]. In
this study, we hypothesized that the phytoplankton taxonomic α-diversity indices had the
potential to provide a signal correlation with trophic states between different hydrological
periods in the barrier lake. We found that the Margalef and Shannon-Wiener indices
are closely associated with TLI (p < 0.05). In addition, we found that there was a weak
correlation between the Pielou evenness index and TLI (p > 0.05). This finding verified
our hypothesis that the phytoplankton taxonomic diversity indices were a potential signal
for indicating trophic states in Jingpo Lake. In future studies, it is necessary to choose
the appropriate phytoplankton taxonomic α-diversity index to assess trophic states in
barrier lake.

4.1. Effects of Environmental Factors on Phytoplankton Community Structure

The dynamic changes of phytoplankton richness, composition, and abundance in
temperate lakes mainly depend on the changes of environmental factors [35]. Classical
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PEG models of phytoplankton show that temperate lakes are dominated by Chlorophyta
in summer and Cyanobacteria in late summer and early autumn. In this study, it was ob-
served that the abundance of phytoplankton decreased significantly from the rainy season
(average 1.60 ×106 ind./L) to the dry season (average 1.00 ×106 ind./L), during which
the abundance of Bacillariophyta, Chlorophyta, and Cyanobacteria decreased (p < 0.05),
and the abundance of Cryptophyta increased (ns). Therefore, the changes of phytoplank-
ton community structure were consistent with the PEG model. Brasil et al. [36] reported
that rainfall is the key component in improving nutrient concentration, leading to higher
algal biomass. These finding indicate that rainfall is a key component in influencing the
environmental variables in temperate lakes [37]. The natural disturbance from rainfall
leading to an increase in phytoplankton abundance has been widely recorded in template
and trophic lakes [38,39]. In addition, we found that the abundance of phytoplankton cells
in 2017 was significantly lower than in 2018, due to the extremely heavy rainfall in Jingpo
Lake Basin in 2017 (rainfall was approximately 150 mm), which severely reduced the water
transparency and further affected the phytoplankton community structure. Meng et al. [40]
noted that rainfall events are a key component which impact the phytoplankton coloniza-
tion and reproduction. The increased abundance from the 2017 to 2018 indicted that the
phytoplankton abundance is a relevant tool used to indicate the natural disturbance in a
barrier lake.

The change in water nutrient concentration will also affect the phytoplankton com-
munity. Nitrogen is one of the large number of elements required for the growth and
metabolism of phytoplankton, and the change of its concentration affects the metabolism of
aquatic organisms and the dynamic pattern of the community [41]. TN is used as a nutrient
indicator to evaluate water quality in the National Environmental Quality Standards for
Surface Water of China (GB 3838-2002). Furthermore, the TN concentration was widely con-
sidered as the indicator for eutrophication in rivers and lakes [42,43]. The TN concentration
from the dry season (0.14 ± 0.09 mg/L) was significantly lower than from the rainy season
(0.20 ± 0.08 mg/L) (p < 0.05) (Table 1). Bacillariophyta was dominant in the phytoplankton
community (Table 2). Previous studies have shown that the Bacillariophyta is suited to
a high-nitrogen environment, and its growth requires more nitrogen [41,44]. In 2018, the
mean value of TN was the highest during the study period. Moreover, the abundance of
Bacillariophyta, which was correspondingly higher, also confirmed this point. Therefore,
the increase of TN concentration not only has a positive effect on colonization, but also
has a positive effect on reproduction. With appropriate light, temperature, and nutrient
conditions, the critical N/P mass ratio of algae life is 7:1 [45]. In Jingpo Lake, the N/P ratio
is greater than seven in both rainy and dry seasons, indicating that Jingpo Lake is a typical
phosphorus restricted water body. Phosphorus is an essential element for aquatic biomass
synthesis and energy transfer [46]. The TP concentration in rainy season was significantly
lower than that in dry season (p < 0.05), and the mean values of TP in the two periods were
0.02 mg/L and 0.03 mg/L, respectively. Generally, Chlorophyta and Cyanobacteria are
more suitable for water with high phosphorus and when phosphorus was the minimum
limiting factor. As a result, they were in a disadvantageous position in the competition
and could not occupy the dominant position in the community, which was consistent with
the community structure of Jingpo Lake. CODMn is often used as an important indicator
for monitoring point source pollution and non-point source pollution [47]. The external
pollution of Jingpo Lake is mainly from the industrial wastewater and domestic sewage
of Dunhua City located upstream of Jingpo Lake, and CODMn is mainly affected by the
industrial wastewater. In the dry season, CODMn was significantly higher than that in the
rainy season (p < 0.05), which may be because the hydrologic connectivity was higher under
the influence of rainfall and surface runoff in the wet season, and the inflow of external
water diluted the original pollutants, leading to the reduction of pollutant content in this
period. Therefore, point source pollution and non-point source pollution may be one of the
factors affecting the composition and distribution of phytoplankton in Jingpo Lake.
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Recent studies have proven that extreme nutrient input from anthropogenic activities
leads to eutrophication and harmful algal blooms in lake ecosystems [48]. Based on TLI,
we found that the trophic state of the study is mesotrophic. Although the physical and
chemical indices and phytoplankton community structure of Jingpo Lake are changing
dynamically, we found that the nutrient level of Jingpo Lake is stable with medium nutrient
level compared with previous studies [49].

4.2. Response of Phytoplankton α-Diversity Indices to Nutrient State Changes in Different
Hydrological Periods

Phytoplankton community is sensitive to water quality changes and its community
structure and diversity are often used as important biological indicators to evaluate water
quality and nutritional status [36,50]. In this study, the Spearman correlation analysis
showed that the Margalef index of all samples was significantly positively correlated with
the Shannon-Wiener index (r = 0.886, p < 0.01), and significantly negatively correlated with
the Pielou index (r = −0.241, p < 0.01). The results revealed that the ecological information
contained in the Margalef and Shannon-Wiener indices has high redundancy.

By analyzing the correlation between phytoplankton α-diversity index and TLI, we
found that the Margalef and Shannon-Wiener indices were significantly different from TLI,
indicating that the α-diversity index and nutrient response were different. The Margalef in-
dex quantifies the diversity relating specific richness to the total number of individuals [51].
The Shannon-Wiener index is based on information theory and assumes that individuals
are sampled at random from an “indefinitely large” community, and that all the species are
represented in the sample [52]. In this study, the Margalef and Shannon-Wiener indices
were significantly positively correlated with TLI in the rainy season, and significantly
negatively correlated with TLI in the dry season (p < 0.01). However, they were weakly
positively correlated with TLI in all samples. Based on the results of the Margalef and
Shannon-Wiener indices during the rainy season, we found that increased hydrological
connectivity and disturbance of rainfall events can accelerate the transport of organisms
and nutrients, which may be an important cause of phytoplankton community succession.
The moderate disturbance hypothesis suggests that, within a certain environmental thresh-
old, appropriate disturbances can increase phytoplankton biodiversity, which is consistent
with the results obtained during the rainy season [53,54].

The Margalef and Shannon-Wiener indices were significantly negatively correlated
with TLI during the dry season, possibly because phytoplankton diversity in freshwater
lakes is affected by bottom-up effects (control of nutrient levels) and top-down effects
(control of zooplankton predation) [55,56]. However, the composition of fish and algae in
oligotrophic or mesotrophic lakes is different from that in eutrophic lakes [57]. Therefore,
the mixing of the two effects will reduce the correlation between water nutrient concentra-
tion and phytoplankton diversity. This also explains the weak positive correlation between
the Margalef and Shannon-Wiener indices with TLI in all samples during the study pe-
riod. The study of Yang et al. [58] proved that, in lakes with severe eutrophication, the
Shannon-Wiener index of phytoplankton has a significant positive interannual correlation
with TLI, while the Margalef and Pielou indices have a significant negative interannual
correlation with TLI. However, different results were obtained in our study on the nutrient
level of Jingpo Lake. We suggest that the effects of natural disturbances (e.g., rainfall) on
the results of the Margalef and Shannon-Wiener indices should be taken into account when
applying them.

There was a weak positive correlation between the Pielou index and TLI during the
study period (p > 0.05). The Pielou index is considered to be an indicator of community
uniformity in lake ecosystems. In addition, although limited by abundance information,
the Pielou index has the advantage of focusing on uniformity. Generally, with an increase
in water nutrient level, the growth and reproduction of phytoplankton are promoted, and
the uniformity of phytoplankton community is increased. In the current study, although
the TLI in rainy season (mean 44.42) was higher than that in the dry season (mean 41.29),
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the correlation coefficient between the Pielou index and TLI in the rainy season was only
0.043. These results may be attributed to natural disturbances in rainfall during the study
period. The disturbance of rainfall not only affects the light capture of phytoplankton, but
also absorbs living and non-living matter, including nutrients, accelerating the decline of
phytoplankton diversity and homogeneity [38,59]. Therefore, natural disturbances such
as rainfall will weaken the ability of the Pielou index to describe the nutritional status of
Jingpo Lake.

Our study provides evidence that the results of the Margalef and Shannon-Wiener
indices with TLI in mesotrophic lakes at different hydrological periods were significantly
different from those in eutrophic lakes. In fact, understanding the relationships between
phytoplankton taxonomic α-diversity indices and trophic state is still a challenge faced in
ecological research. Moreover, it is essential for establishing a taxonomic index database of
barrier lakes in a larger spatial and temporal scale. In addition, because the nutrients in a
barrier lake water column come not only from a watershed but also from lake sediment,
the nutrient content in the water column may be subject to seasonal and temporal variation.
We propose that studies focusing on the relationships between phytoplankton taxonomic
α-diversity indices and trophic state of sediments are necessary. In the future, it is necessary
for further surveys to focus on the differential stratification of phytoplankton communities
(three depths: surface, middle, and bottom) in Jingpo Lake.

5. Conclusions

In the current study, we provided key information about phytoplankton taxonomic
α-diversity in Jingpo Lake, which is the largest alpine lava barrier lake in China. The
phytoplankton community, three α-diversity indices, and TLI patterns were developed in
this study from 2017 to 2018 in Jingpo Lake. We found that the phytoplankton community
variation was closely linked to trophic states. Furthermore, the diatom distribution pattern
was a potential indictor for eutrophication in the barrier lake. The CA revealed that the
Margalef and Shannon-Wiener indices were a relevant tool to characterize the trophic states
especially in the rainy season. All of these results highlight that phytoplankton taxonomic
α-diversity indices are an effective tool that can be used to assess the trophic states in
barrier lakes.
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