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Abstract: To study the structure and distribution characteristics of the phytoplankton com-
munity in the Huaihe River Basin, Yangtze River Basin, and Taihu Lake Basin in Jiangsu
Province, 126 sampling sites were set up in 35 rivers in the region, and samples were
collected during the wet season (August-September) in 2023. Based on the monitoring
results of phytoplankton, the study selected 20 candidate indicators and conducted range
screening, discriminative ability analysis, and correlation analysis. Finally, seven core indi-
cators were determined to construct the Phytoplankton Biological Integrity Index (P-IBI)
evaluation system. The rating standards were determined by the ratio method, and the
phytoplankton integrity of Jiangsu Province was evaluated. The differences were analyzed.
As the results showed, the overall health status of rivers in Jiangsu Province was general.
From the point of view of the basin scope, the Huaihe River Basin and the Yangtze River
Basin were in sub-healthy state, and the Taihu Lake Basin was general. There were signifi-
cant differences in the phytoplankton density community structure in the Yangtze River,
Huaihe River, and Taihu Lake Basins. Phytoplankton integrity was positively correlated
with total nitrogen and nitrate nitrogen, but not with other environmental factors. Nitrogen
is the main factor affecting the integrity of river phytoplankton in Jiangsu Province.

Keywords: phytoplankton; Biological Integrity Index; community structure; distribution
characteristics; environmental factors

1. Introduction

The Index of Biotic Integrity (IBI) was first introduced by Karr [1] in 1981. Initially,
IBI research primarily focused on fish communities but later expanded to encompass
large benthic invertebrates, zooplankton, phytoplankton, and periphyton [2,3]. Unlike
single-factor evaluations based solely on physical and chemical parameters or biodiversity
indices, the IBI integrates the composition and structure of biological communities, thereby
providing more comprehensive and nuanced evaluation results [4,5].

Phytoplankton serve as primary producers in aquatic ecosystems and play a pivotal
role in energy flow, material cycling, and information transmission. Their high sensitivity
to external changes makes them ideal indicator species or model organisms for ecological
studies [6,7]. In 2006, Lacouture et al. [8] proposed the Phytoplankton Index of Biotic
Integrity (P-IBI) based on their study of Chesapeake Bay and its tidal tributaries. First, they
divided the habitat into least impaired and impaired areas. Then, they selected indicators,
including community structure composition, growth characteristics, and diversity indices
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to construct the evaluation system, defined scoring criteria, and calculated the P-IBI for
the region. In recent years, the P-IBI has been widely adopted in water ecological health
assessments [9].

Jiangsu Province, located in the lower reaches of the Yangtze River and Huai River,
boasts a developed economy and three major river basins: the Huai River Basin, Yangtze
River Basin, and Taihu Lake Basin. These regions are characterized by numerous water
systems and dense river networks. Numerous scholars have conducted research using the
P-IBI. For instance, Cai Kun et al. [10] calculated the Phytoplankton Biotic Integrity Index
in Taihu Lake during winter and found that the evaluation results were largely consistent
with the lake’s water quality. Tan et al. [11] performed a comprehensive study of the water
ecosystem in the upper reaches of the Yangtze River using the P-IBI and concluded that
the four-point system and ratio method could more accurately classify evaluation grades,
leading to more precise results. Li et al. [12] further incorporated human disturbance factors
into P-IBI analysis, suggesting that soil erosion caused by human activities could influence
the population structure and biotic integrity of phytoplankton to some extent. Nevertheless,
most of the existing studies are limited to a single river or lake or a specific river basin.
The spatial scale of these studies is relatively small, and there are few comprehensive
studies covering multiple river basins. There is also a lack of comparative studies among
different river basins. To comprehensively assess the water ecological conditions of rivers
in the Huai River, Yangtze River, and Taihu Lake Basins in Jiangsu Province, this study
draws on domestic and international research to construct a P-IBI analysis framework for
phytoplankton in Jiangsu's rivers. This framework explores the distribution characteristics
of the P-IBI and its correlation with environmental factors, providing theoretical support
and data references for the governance and protection of rivers in Jiangsu Province.

2. Materials and Methods
2.1. Sampling Point Layout

Considering the vast number and considerable variability of rivers in Jiangsu
Province, 35 representative provincially managed rivers were selected from the three
major basins—the Huaihe River Basin (HH), Yangtze River Basin (CJ), and Taihu Lake Basin
(TH). A total of 126 sampling points were systematically distributed across these rivers to
ensure even coverage. The locations of the sampling points are presented in Figure 1.
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Figure 1. Sampling point layout.

2.2. Sample Collection and Processing

During the flood season of 2023 (August), samples of phytoplankton were collected
and identified. According to the “Research Methods of Freshwater Plankton”, a No. 25
plankton net with a mesh diameter of 64 pm was used to collect phytoplankton from
the river, and the samples were fixed with 4% formaldehyde solution to ensure their
morphological stability [13]. Using a 1 L water sampling device, phytoplankton samples
were collected at the surface (0.5 m below the water surface), in the middle (1/2 of the
water depth), and at the bottom layer (0.5 m above the river bottom) of the river. The three
samples were mixed thoroughly, then 1 L of the mixed sample was taken, and 15 mL of
Lugol’s solution was added for secondary fixation. After standing for 48 h, the supernatant
was extracted using the siphon principle and concentrated to 30-50 mL, followed by
microscopic examination [14]. The microscopic examination of phytoplankton was based
on “Flora of Freshwater Algae in China” [15] and the “Illustrated Atlas of Common Algae
in Inland Waters of China” [16], etc., and identified to the species level under a 10 x 40
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magnification microscope, and the conversion of biomass, density, and other indicators
was carried out.

2.3. Data Processing and Analysis
2.3.1. Diversity Index

The Shannon-Wiener index (H) [17], Margalef index (D) [18], and Pielou index (J) [19]
were utilized to characterize the community structure of phytoplankton in rivers of Jiangsu
Province. The corresponding calculation formulas are presented as follows:

S
H=- Pi X lTlPl' (1)
i=1
S5—1
D=7 @
H
] =15 )

In the formulas, S represents the number of phytoplankton species at the sampling
point, N represents the total cell abundance of all phytoplankton at the sampling point, and
P; represents the proportion of the i-th species.

2.3.2. Dominant Species
The dominance degree (Y) was calculated to evaluate the dominant species of phyto-

plankton, and the calculation formula is as follows:

n; :

Y:NZ

(4)

In the formula, N represents the total number of all individuals, n; represents the
number of individuals of the i-th phytoplankton species, and f; represents the frequency
of occurrence of the i-th phytoplankton species. Species with Y > 0.02 are considered
dominant species.

2.4. Construction of the Phytoplankton Integrity Evaluation System

The application of the Biological Integrity Index for evaluation first involved categorizing
sampling points into reference points and impaired points. Points with a Shannon-Wiener
index H > 3 and a Margalef index D > 3 were designated as reference points.

Candidate indicators were preliminarily identified based on existing research and
the characteristics of the phytoplankton community within the sampling area [2,20]. A
preliminary screening was conducted according to the distribution range of candidate indi-
cator parameters, removing those with excessively wide distributions and large standard
deviations. Box plots were utilized for discriminant ability analysis to evaluate the overlap
between reference points and impaired points, retaining indicators with an interquartile
range (IQ) > 2. Correlation analysis was performed on the remaining indicators. If the can-
didate indicator parameters followed a normal distribution, Pearson correlation tests were
conducted; otherwise, Spearman correlation tests were applied. For indicator parameters
with a correlation coefficient | R| > 0.75, one of the two indicators was retained based on
its greater representativeness.

After screening, the ratio method was employed to assign scores to the core param-
eters [10], constructing a phytoplankton biological integrity evaluation system (P-IBI)
applicable to the Yangtze River, Huai River, and Taihu Lake Basins in Jiangsu Province.
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For core parameters that decreased with increasing disturbance, the scoring calculation
formula was as follows:
Parameter value

Score = W (5)

For the core parameters that increased with the rise in interference, the scoring calcula-
tion formula was as follows: )
Max — Min

Score = Max —5%0 6)

In the formula, Q represents the quantile.

If the calculated score was greater than 1, it was recorded as 1. The sum of the scores of
each core parameter was the Phytoplankton Biological Integrity Index. The 25th percentile
of the reference point was taken as the best expected value to determine the evaluation
criteria [21]. Values greater than the 25th percentile were evaluated as “healthy”, and
the range of values less than or equal to the 25th percentile was divided into four equal
parts and evaluated as “sub-healthy”, “average”, “poor”, and “very poor”, respectively, to
determine the evaluation criteria for the Phytoplankton Biological Integrity Index.

3. Results and Analysis
3.1. Characteristics of Phytoplankton Community Structure

In this study, a total of 215 species belonging to 93 genera across 8 phyla of phy-
toplankton were identified. Among these, Chlorophyta exhibited the highest diversity
with 38 genera and 85 species, accounting for 39.25%. Bacillariophyta followed with
27 genera and 57 species (26.64%), while Euglenophyta comprised 5 genera and 33 species
(15.42%). Cyanobacteria included 13 genera and 24 species (11.21%). The remaining
phyla—Cryptophyta, Dinophyta, Chrysophyta, and Xanthophyta—together consisted of
11 genera and 16 species, representing 7.84% of the total (Figure 2). The dominant species
identified in this study were Phormidium irriguum, Aphanizomenon flos-aquae, Chlorella vul-
garis, Klebsormidium subtile, and Phormidium corium.

% 1.9% 1.9% 1.4%
m Cyanobacteria
B Chlorophyta
39.5% Bacillariophyta
Cryptophyta
153% B Dinophyta
B Euglenophyta

m Chrysophyta

m Xanthophyta

26.5%

Figure 2. Composition of phytoplankton species.

As illustrated in Figure 3, the Huai River Basin exhibited a significantly higher number
of phytoplankton species compared to the Yangtze River Basin and Taihu Lake Basin. This
was primarily due to the pronounced dominance of Chlorophyta and Euglenophyta species.
The community structures of phytoplankton in the three basins were relatively similar,
with eight phyla identified in each basin. Among these, Bacillariophyta and Chlorophyta
dominated, followed by Euglenophyta and Cyanobacteria. The remaining four phyla of
algae contributed only a negligible proportion to the overall composition.
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Figure 3. Community structure of phytoplankton species.

The average density of phytoplankton in the rivers of Jiangsu Province during the
wet season of 2023 was 6.39 x 10° cells/L. Specifically, Cyanobacteria exhibited the highest
density at cells/L, accounting for 67.61% of the total density. Chlorophyta ranked second,
with a density of cells/L, contributing 21.90%. Bacillariophyta followed with cells/L,
representing 7.39%, and the remaining phyla collectively accounted for 3.09% (Figure 4).
The phytoplankton community structure was mainly composed of Cyanobacteria, green
algae, and chrysophytes, presenting typical Cyanobacteria—green algae—chrysophytes
characteristics. Similar to the species richness pattern, the Huai River Basin demonstrated
significantly higher phytoplankton densities compared to the Yangtze River Basin and
Taihu Lake Basin (Figure 5). However, notable differences were observed in the density-
based community structures among the three basins. Cyanobacteria densities in the Huai
River Basin were markedly higher than those in the other basins and dominated the
local community. In contrast, Cryptophyta densities in the Yangtze River Basin were
relatively higher compared to the other basins, primarily driven by Cryptomonas ovata and
Cryptomonas erosa.
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Figure 4. Composition of phytoplankton density.

The results of the one-way ANOVA test revealed that while there were variations in
the spatial distribution of phytoplankton biomass and density, these differences were not
statistically significant (p > 0.05). Overall, phytoplankton biomass exhibited a decreasing
trend from north to south and from west to east, with local maxima observed in the Huai
River Basin and Taihu Lake Basin (Figure 6a). The spatial distribution of phytoplankton
density was largely consistent with that of biomass, showing the highest values in the
northern region and locally elevated levels in the central and southern areas. Notably,
multiple local maxima were identified within the Huai River Basin (Figure 6b).
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Figure 6. Distribution characteristics of phytoplankton.

3.2. Distribution Characteristics of Phytoplankton Diversity

During the investigation period, the Shannon-Wiener index (H), Margalef index (D),
and Pielou index (J) of phytoplankton in Jiangsu Province exhibited significant spatial
heterogeneity. Their respective distribution ranges were 0.51-3.43 for H, 0.55-4.97 for
D, and 0.19-0.93 for J. The spatial distribution maps are presented in Figure 7. The H
index showed a pattern of being higher in the central region and locally elevated in the
northern and southern regions, with the highest value recorded in the Chu River of the
Yangtze River Basin and the lowest in the Jiangnan Canal of the Taihu Lake Basin. The D
index generally followed a similar distribution trend to the H index but exhibited more
pronounced variation patterns, with its highest value observed in the Tongyu River of the
Huai River Basin and the lowest in the Central Canal. The Pielou index displayed a more
scattered distribution, with generally higher values in the southeastern region compared
to the northwestern region. Its highest value was recorded in the Feihe River of the Huai
River Basin, while the lowest occurred in the Jiangnan Canal of the Taihu Lake Basin.
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Figure 7. Distribution characteristics of phytoplankton diversity index.

3.3. Construction of Phytoplankton Integrity Index

3.3.1. Selection of Reference Points and Impaired Points

Based on the Shannon-Wiener index and Margalef index, 126 sampling points were

classified into 12 reference points and 114 impaired points. The reference points were

distributed in the Huai River, Pi-Cang Flood Diversion Channel, Tongyu River, and Jinbao
Waterway in the Huai River Basin, the Chu River, Shuiyang River, and Qinhuai River in
the Yangtze River Basin, and Xinmeng River in the Taihu Lake Basin.

3.3.2. Screening of Candidate Indicators

Twenty candidate indicators were initially selected, as shown in Table 1. Indicators

Z6 and Z13, which had a relatively scattered distribution and a large standard deviation,

were excluded.

Table 1. P-IBI candidate indicators and interference.

Serial Number

Indicator

Response to Interference

71
Z2
Z3
74
Z5
Z6
77
Z8
79

710
711
712

713
714
Z15
Z16

Z17

718
719
720

Total species number of phytoplankton
Species number of Bacillariophyta
Species number of Cyanobacteria

Species number of Chlorophyta
Species number of non-Bacillariophyta
Total density of phytoplankton
Proportion of density of Bacillariophyta
Proportion of density of Cyanobacteria
Proportion of density of Chlorophyta
Proportion of density of Cyanobacteria +
Chlorophyta
Proportion of density of motile Bacillariophyta
Proportion of cell density of the top three
dominant species
Total biomass of phytoplankton
Proportion of biomass of Bacillariophyta
Proportion of biomass of Cyanobacteria
Proportion of biomass of Chlorophyta
Proportion of biomass of Cyanobacteria +
Chlorophyta
Shannon-Wiener index
Margalef index
Pielou evenness index

B e S S T e e R

Note: | indicated that it decreases as the interference increases.
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3.3.3. Discrimination Ability Analysis

Discrimination ability analysis was conducted based on the box plot, as shown in
Figure 8. IQ represents the overlapping situation of the two boxes—IQ = 3: the boxes do
not overlap, IQ = 2: the boxes partially overlap, but the median lines of both boxes are not
within each other’s boxes, IQ = 1: only the median line of one box is within the other box,
and IQ = 0: the median lines of both boxes are within each other’s boxes. If the IQ value is
<1, it indicates that the dispersion of this indicator at the reference point and the damaged
point is similar, and it cannot be used for discrimination and evaluation, so it is excluded.
By comparing the overlap between the reference point and the damaged point boxes. The
Z1,72,73,74,75,77,78, 710, Z18, Z19, and Z20 indicators with IQ > 2 were retained.
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Figure 8. Results of discriminant ability analysis of the P-IBI candidate indicators.

3.3.4. Correlation Analysis

Since the candidate indicator parameters did not conform to the normal distribution,

the Spearman analysis was used to examine the correlation. The results are shown in
Table 2. Based on the analysis of the results, Z1, Z5, Z10, and Z19 were excluded, and Z2,
Z3,74,77,78,718, and Z20 were retained as the final core indicators.

Table 2. Correlation analysis results of the P-IBI candidate indicators.

71 72 Z3 74 75 77 Z8 710 718 719 720
Z1 1
Z2 0.775 1
Z3 0.719 0.459 1
74 0.926 0.593 0.627 1
Z5 0.975 0.626 0.738 0.949 1
77 —0.017 0.284 —0.263 —0.08 —0.115 1
Z8 —-0.164 —0.184 0.284 -0219  —-0.139 —0.58 1
Z10 -0.042 —-0.221 0.319 0.031 0.021 —0.883 0.683 1
718 0.666 0.583 0.413 0.584 0.63 0.44 —0.535 —0.52 1
Z19 0.99 0.795 0.666 0.918 0.958 0.056 —0.233 -0.12 0.72 1
720 0.041 0.11 —0.098 —0.009 0.015 0.614 —-0.634 —0.684 0.719 0.118 1
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3.3.5. Determination of Evaluation Criteria

This paper adopted the ratio method to calculate the final scores of the core parameters
selected, as shown in Table 3. According to the calculation Equations (5) and (6) mentioned
earlier, if the calculated value is greater than 1, it is recorded as 1. The scores of each core
biological parameter were accumulated to obtain the Phytoplankton Biological Integrity
Index of each sampling point.

Table 3. Eigenvalue distribution of core parameters.

Core Parameters Max. 5% 95%
Z2 23.000 3.250 19.000
Z3 17.000 1.000 11.000
74 35.000 2.000 27.000
77 0.755 0.020 0.338
Z8 0.963 0.104 0.892
718 3.434 1.227 3.096
720 0.931 0.412 0.844

The 25th percentile of the reference point was used as the optimal expected value to
establish five evaluation levels, as detailed in Table 4.

Table 4. Evaluation criteria for the P-IBI.

Evaluation Level

Healthy Sub-Healthy General Poor Very Poor

P-IBI

>5.172 3.879~5.172 2.586~3.879 1.293~2.586 0~1.293

3.4. Evaluation Results of Phytoplankton Integrity

Based on the evaluation criteria, the integrity of phytoplankton in the Huaihe River,
the Yangtze River, and the Taihu Lake Basin in Jiangsu Province was evaluated. As there
are multiple sampling points for each river, the average value of multiple points was taken
as the Phytoplankton Integrity Index of the river. The evaluation results are shown in
Table 5.

The P-IBI assessment indicated that the overall average score for the ecological health
of rivers in Jiangsu Province was 3.875, which falls within the “General” category. Specif-
ically, 12 rivers were classified as being in a “Sub-healthy” state, while 20 rivers were
rated as “General”. Notably, the Pi-Cang Flood Diversion Channel and Jinbao Waterway
performed better and were categorized as healthy, whereas the Xintongyang Canal received
a relatively poor evaluation. From a basin perspective, the phytoplankton integrity assess-
ments revealed sub-healthy conditions in both the Huai River Basin and the Yangtze River
Basin, whereas the Taihu Lake Basin was assessed as “General”. In terms of water body
health status, ranked from best to worst, the order was Huai River Basin (3.929), Yangtze
River Basin (3.896), and Taihu Lake Basin (3.701).

3.5. Correlation Between P-IBI Index and Environmental Factors

The environmental data of rivers in Jiangsu Province during the flood season of 2023
are presented in the Table 6.
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Table 5. P-IBI evaluation of rivers.

E\Xlaaltl:;i;ge Evaluating Rivers Sag}‘:ﬁ; bge;’gifnts P-1BI Index Evaluation Result
Huai River 3 4.752 Sub-healthy
Central Canal 5 3.095 General
Xinyi River 4 3.641 General
Xinshu River 2 3.403 General
Yi River 2 4211 Sub-healthy
Shu River 2 2.793 General
Pi-Cang Flood Diversion Channel 2 5.777 Healthy
Diverting Huai River Water into Yi River 3 3.586 General
Huaihong New River 3 3.977 Sub-healthy
Huai River Entering the Yangtze River 5 3.266 General
The Huai River flows into the sea 3 3.833 General
The Jiangsu North Irrigation Canal 4 3.300 General
The Huai River Basin The abandoned Yellow River 4 4.105 Sub-healthy
The Li Canal 5 5.043 Sub-healthy
The Taizhou River Diversion Project 2 3.670 General
The Taizhou East River 2 2.738 General
The Tongyu River 10 4.480 Sub-healthy
The Xintongyang Canal 3 2.525 Poor
The Sanyang River 3 5.095 Sub-healthy
The Tong River 2 3.447 General
The Jinbao Waterway 2 5.332 Healthy
Yunxi River—Xin River 2 3.630 General
The Xuhong River 3 3.955 Sub-healthy
The Fangting River 2 3.923 Sub-healthy
The Bulao River 3 3.467 General
The Yangtze River 13 3.600 General
. . Chu River 4 4.403 Sub-health
The Yangtze River Basin Shuiyang River 2 4.986 Sub—health;ll
Qinhuai River 3 3.773 General
Jiangnan Canal 4 3.308 General
Wangyu River 3 3.188 General
. . Taipu River 3 3.261 General
Taihu Lake Basin Xingou River 5 3.791 General
Wusong River 3 3.589 General
Xinmeng River 5 4.563 Sub-healthy
Table 6. Environmental data of rivers.
. . TP PO43--P TN NH,;*-N NO;~-N CODwin
Basins Rivers mg/L mg/L mg/L mg/L mg/L mg/L
Huai River 0.219 0.124 3.603 0.058 1.266 4.567
Central Canal 0.155 0.075 5.761 0.114 1.822 4.453
Xinyi River 0.110 0.078 1.847 0.160 1.221 5.475
Xinshu River 0.123 0.041 0.847 0.139 0.283 7.021
Yi River 0.094 0.031 5.022 0.053 1.765 5.484
Shu River 0.100 0.030 2.933 0.082 0.822 5.964
Pi-Cang Flood Diversion Channel 0.097 0.030 8.150 0.063 6.285 4.349
Diverting Huai River Water into Yi River 0.200 0.052 4.277 0.246 0.236 4.883
Huaihong New River 0.234 0.057 4.226 0.052 0.055 7.215
Huai River entering the Yangtze River 0.127 0.063 2.616 0.148 0.459 3.841
The Huai River flows into the sea 0.170 0.057 2.952 0.247 1.321 5.362
L The Jiangsu North Irrigation Canal 0.168 0.060 2.280 0.286 0.470 4.772
The Huai River The abandoned Yellow River 0.174 0.072 2.806 0.250 0.499 4482
Basin The Li Canal 0.182 0.058 2.580 0.101 0.954 3.459
The Taizhou River Diversion Project 0.148 0.090 2.698 0.076 0.983 2.065
The Taizhou East River 0.185 0.090 3.350 0.131 1.891 3.070
The Tongyu River 0.238 0.121 2.396 0.316 0.890 5.798
The Xintongyang Canal 0.207 0.143 2.260 0.465 0.687 4210
The Sanyang River 0.187 0.085 2.323 0.233 1.304 4.873
The Tong River 0.157 0.073 1.523 0.102 0.334 6.662
The Jinbao Waterway 0.167 0.086 1.502 0.147 0.350 4.761
Yunxi River—Xin River 0.140 0.064 3.068 0.161 0.624 5.563
The Xuhong River 0.198 0.072 1.943 0.060 0.273 7.215
The Fangting River 0.341 0.068 5.418 0.224 2.497 5.309
The Bulao River 0.245 0.102 4.501 0.136 1.592 4.975
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Table 6. Cont.

The Yangtze River 0.168 0.084 2.709 0.130 1.349 2.331
The Yangtze Chu River 0.197 0.083 3.937 0.146 2.199 5.355
River Basin Shuiyang River 0.130 0.042 1.550 0.484 0.441 5.295
Qinhuai River 0.190 0.096 2.046 0.552 1.300 3.997
Jiangnan Canal 0.214 0.126 3.132 0.655 1.283 3.835
Wangyu River 0.190 0.092 1.478 0.383 0.368 3.623
Taihu Lake Taipu River 0.144 0.057 1.397 0.356 0.350 4.433
Basin Xingou River 0.215 0.130 4.603 0.755 1.987 4.206
Wusong River 0.151 0.070 2.125 0.457 0.673 4.267
Xinmeng River 0.149 0.072 2.395 0.642 0.862 5.396
Flow
Basins Rivers pH bo DS wr velocity EC
mg/L mg/L °C m/s ms/cm

Huai River 7.020 5.013 275.667 324 0.057 0.559
Central Canal 7.572 4974 304.600 315 0.047 0.608
Xinyi River 7.618 4.935 305.000 29.3 0.051 0.612
Xinshu River 7.280 4.835 240.500 31.3 0.049 0.485
Yi River 7.360 5.110 226.500 30.6 0.039 0.456
Shu River 7.605 5.485 246.500 30.5 0.048 0.494
Pi-Cang Flood Diversion Channel 7.705 5.225 398.000 30.5 0.072 0.794
Diverting Huai River Water into Yi River 7.340 5.020 298.000 29.1 0.050 0.595
Huaihong New River 7.147 5.700 360.333 329 0.042 0.711
Huai River entering the Yangtze River 7.768 5.764 230.820 28.1 0.038 0.462
The Huai River flows into the sea 7.460 5.213 307.667 29.0 0.029 0.614
L The Jiangsu North Irrigation Canal 7.338 5.400 237.500 30.1 0.042 0.476
The Huai River The abandoned Yellow River 7.575 5105 283.250 28.6 0.049 0.569
Basin The Li Canal 7.568 5.862 231.940 29.3 0.043 0.466
The Taizhou River Diversion Project 8.250 6.675 179.550 26.0 0.037 0.359
The Taizhou East River 7.750 5.750 201.000 29.5 0.029 0.403
The Tongyu River 7.403 5.284 298.000 28.6 0.030 0.597
The Xintongyang Canal 7.693 6.677 195.733 25.3 0.049 0.392
The Sanyang River 7.250 5.853 259.667 30.4 0.029 0.521
The Tong River 7.500 6.055 242.500 319 0.024 0.485
The Jinbao Waterway 7.500 5.090 212.000 29.5 0.042 0.423
Yunxi River—Xin River 7.415 5.945 213.000 31.3 0.039 0.427
The Xuhong River 7.763 5.570 331.333 32.0 0.034 0.656
The Fangting River 7.650 5.480 385.500 322 0.065 0.771
The Bulao River 7.703 4.953 457.333 30.3 0.046 0.912
The Yangtze River 8.105 6.253 181.277 27.3 0.052 0.362
The Yangtze Chu River 7.460 5.273 260.000 30.1 0.025 0.520
River Basin Shuiyang River 8.210 6.650 108.600 26.5 0.060 0.218
Qinhuai River 7.560 6.543 208.333 27.2 0.042 0.417
Jiangnan Canal 8.050 6.028 212.450 28.2 0.056 0.425
Wangyu River 8.217 6.553 261.000 26.5 0.035 0.522
Taihu Lake Taipu River 7.713 6.550 220.100 27.8 0.057 0.441
Basin Xingou River 7.734 6.616 270.000 28.4 0.064 0.540
Wusong River 7.693 6.757 253.333 27.4 0.038 0.507
Xinmeng River 8.260 6.388 213.220 28.4 0.036 0.425

Pearson correlation analysis was conducted on P-IBI and environmental factors, and
the results are shown in Table 7. It can be seen from the table that the P-IBI value of the
river was significantly positively correlated with TN and NO3;~-N and had no obvious
correlation with other environmental factors.

Table 7. Correlation analysis of P-IBI and environmental factors.

Project TP PO,3~-P TN NH;*-N NO3; -N  CODwn
P-IBI —0.026 —0.181 0.351 * —0.107 0.366 * 0.099
Project pH DO TDS WT Flow EC
velocity
P-IBI —0.136 —0.184 0.111 0.179 0.079 0.113

Note: * Indicates p < 0.05, meaning the result is significant.
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4. Discussion
4.1. Rationality of P-IBI Evaluation Results

As a typical comprehensive Biological Indicator Index, the Biological Integrity Index
can effectively represent the degree of external environmental disturbances and quanti-
tatively characterize water ecological health status in numerical form [22]. Compared
with fish and large invertebrates, phytoplankton exhibit shorter regeneration times and
lifecycles, making them more sensitive to changes in water environmental factors and
enabling them to respond more rapidly to human disturbances. Consequently, using the
Phytoplankton Integrity Index for evaluation allowed for a more precise reflection of the
current water ecological health status under study [7,23].

Based on the phytoplankton monitoring results from rivers in Jiangsu Province during
the flood season of 2023, Cyanobacteria were found to dominate, followed by green algae
and diatoms, forming a Cyanobacteria—green algae—diatom algal structure. Gianbattista
Bussi et al. [24] concluded that water bodies dominated by Cyanobacteria, green algae,
and diatoms are typically moderately polluted, which aligns well with the findings of
the phytoplankton biological integrity evaluation. The P-IBI evaluation results indicated
that the Huai River and Yangtze River Basins were in a sub-healthy state, while the Taihu
Lake Basin was rated as “General”, consistent with the overall water quality conditions.
Therefore, the use of the P-IBI for assessing water ecological health is both referenceable
and feasible.

4.2. Spatial Distribution Characteristics of P-IBI in Rivers of Jiangsu Province

The spatial distribution characteristics of the P-IBI for phytoplankton in rivers of
Jiangsu Province are presented in Figure 9. A one-way ANOVA was conducted on the P-IBI
at each sampling point, and the results indicated no significant difference (p = 0.703 > 0.05).
However, overall, the Phytoplankton Integrity Index exhibited spatial heterogeneity, with
better phytoplankton integrity observed in the central region compared to the northern
and southern regions. This trend aligns with the distribution patterns of phytoplankton
species and density: Huai River Basin > Yangtze River Basin > Taihu Lake Basin.

Very poor

Poor
General

@
Sub-healthy 0@

Healthy

e ¢ 0 0 @ ™

Figure 9. Spatial distribution of the P-IBL

In the Huai River Basin, the average P-IBI was 3.929, indicating a sub-healthy state.
The basin contains 25 rivers, among which the Pi-Cang Flood Diversion Channel and
Jinbao Waterway were rated as healthy, while the Xintongyang Canal had a poor evaluation
result. The remaining 9 rivers were in a sub-healthy state, and 13 rivers had an average
evaluation result. The Xintongyang Canal is an artificial waterway used for water diversion,
irrigation, and navigation. Its water quality is poor due to severe nutrient and organic



Water 2025, 17, 1645 14 of 18

oxygen-consuming pollution, coupled with low dissolved oxygen concentrations, leading
to poor phytoplankton integrity [25]. Generally, phytoplankton integrity in the southern
part of the basin is better than in the northern part, likely because lakes, such as Hongze
Lake, Gaoyou Lake, and Baima Lake, exist in the south, where numerous sluices and
dams create weak hydrodynamic conditions that promote nutrient deposition, favoring the
growth of phytoplankton, particularly Cyanobacteria. This finding is consistent with the
community structure, showing much higher Cyanobacteria densities compared to other
groups [26].

In the Yangtze River Basin, the average P-IBI was 3.896, indicating a sub-healthy state.
Phytoplankton integrity showed a west-high, middle-low distribution pattern. Given that
most sampling points are located in Nanjing and along the Yangtze River, it is inferred
that phytoplankton integrity is higher in the Nanjing area than in the Yangtze River
itself. In recent years, Nanjing has implemented several water environment improvement
measures, achieving the best water quality monitoring performance in the province and
maintaining good ecological conditions, which are conducive to phytoplankton growth. In
contrast, most sections of the Yangtze River in Jiangsu Province are artificially constructed,
dominated by industrial production and port terminals, resulting in relatively simple
habitats. Additionally, frequent ship traffic can cause an increase in the Froude number of
water depth (Fr), which restricts the survival and reproduction of phytoplankton [27]. The
eastern section, located in Suzhou, is one of the key areas for water ecological protection,
explaining why its P-IBI evaluation result was better than that of the middle section.

In the Taihu Lake Basin, the average P-IBI was 3.701, indicating a “General” state.
Among the rivers in this basin, only Xinmeng River achieved a sub-healthy P-IBI evaluation
result, surpassing the other five rivers. The Xinmeng River Project is a critical component
of national efforts to improve the Taihu Lake water environment and serves as one of
the water environment capacity enhancement and drainage channel projects. It promotes
water circulation in Taihu Lake and improves surrounding water environmental conditions,
creating favorable conditions for phytoplankton growth.

Analysis of similarities (ANOSIM) is a non-parametric test method based on the
permutation test and rank sum test, used to test whether there is a significant difference
between groups. We conducted pairwise ANOSIM on the phytoplankton density in the
Huai River, Yangtze River, and Taihu Lake Basins, and the results are shown in Figure 10.
When the ANOSIM result showed p < 0.05, there was a significant difference between the
groups. The results indicated that there were significant differences in the phytoplankton
density community structure between the Huai River Basin and the Yangtze River Basin
(p = 0.011), and between the Yangtze River Basin and the Taihu Lake Basin (p = 0.043).

R= 0.144 P= 0.011 R = 0.069 P = 0.043
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Figure 10. ANOSIM results of interbasin density.
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Similarity percentage (SIMPER) analysis is a statistical method used to identify the key
contributing species that account for the significant differences between different groups
of communities. It can calculate the mean similarity among samples within each group
based on the Bray—Curtis similarity index and reveal the contribution of each variable to
the overall differences.

The SIMPER analysis was used to determine the contribution rates of different algae
to the differences in the Huaihe River and Yangtze River Basins. The top 10 species with
the highest contribution rates are presented in Table 8.

Table 8. The main contributing species of phytoplankton density difference between Huaihe River
and Yangtze River Basins.

Percentage of Differential Average Density x 10° Cells-L "

Species Rt
Contribution/% The Huai River Basin The Yangtze River Basin
Phormidium irriguum 14.41% 19.89 2.86
Aphanizomenon flos-aquae 6.41% 8.60 2.13
Merismopedia tenuissima 5.66% 1.01 17.61
Phormidium corium 4.67% 2.03 2.16
Klebsormidium subtile 4.48% 3.61 212
Chlorella vulgaris 3.89% 3.86 2.40
Limnospira platensis 3.40% 5.25 0.62
Anabaena oscillarioides 3.28% 3.17 0.74
Merismopedia tranquilla 2.99% 2.39 0.41
Microcystis aeruginosa 2.79% 3.56 0.92

The contribution rates of different algae to the differences in the Yangtze River and
Taihu Lake Basins were analyzed using SIMPER analysis, and the results are shown in
Table 9.

Table 9. The main contributing species of phytoplankton density difference between Yangtze River
and Taihu Lake Basins.

Percentage of Differential Average Density x 10° Cells-L "

Species N . . . .

Contribution/% The Yangtze River Basin Taihu Lake Basin
Phormidium irriguum 9.91% 2.86 4.07
Phormidium corium 8.59% 2.16 4.80
Aphanizomenon flos-aquae 7.10% 2.13 3.87
Merismopedia tenuissima 6.22% 17.61 0.97
Klebsormidium subtile 4.87% 212 3.45
Chlorella vulgaris 3.61% 2.40 2.72
Microcystis aeruginosa 3.32% 0.92 2.61
Anabaena oscillarioides 2.54% 0.74 1.61
Eudorina elegans 2.46% 0.55 1.80
Chroococcus cohaerens 2.11% 0.12 1.83

By comparing the results of the SIMPER analysis between the two groups, it was
evident that the species primarily contributing to the differences in phytoplankton density
community structure were largely similar. Among the top 10 species contributing to these
differences, all belonged to either Cyanobacteria or Chlorophyta phyla, with seven from
Cyanobacteria and three from Chlorophyta. Notably, except for Limnospira platensis and
Merismopedia tranquilla in the Yangtze River and Huai River Basins, as well as Eudorina
elegans and Chroococcus cohaerens in the Yangtze River and Taihu Lake Basins, the remaining
eight species were identical. This similarity may stem from the comparable phytoplankton
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density community structures observed in the Huai River and Taihu Lake Basins (p = 0.446).
With the exception of a few species, the densities of other species generally followed the
trend Huai River Basin > Yangtze River Basin, and Taihu Lake Basin > Yangtze River Basin.
Based on these findings, it can be inferred that the growth conditions of phytoplankton in
the Yangtze River Basin were less favorable compared to those in the Huai River and Taihu
Lake Basins. This disparity was likely attributable to the adverse impacts of high-intensity
human activities, such as industrial development and shipping along the Yangtze River,
which have negatively influenced the health of rivers within this basin.

4.3. Relationship Between P-IBI and Environmental Factors

The distribution and succession of the phytoplankton community structure are the
result of interactions among various environmental factors, and their changes can serve as
indicators of water environmental conditions [28]. Previous studies have demonstrated
that environmental factors, such as N, P, CODy,, pH, WT, TDS, and flow velocity, influence
both the composition and growth of phytoplankton communities [29,30]. Based on the
correlation analysis results between the P-IBI and environmental factors presented in
this study, the P-IBI values of rivers in Jiangsu Province exhibited significant positive
correlations only with total nitrogen (TN) and nitrate nitrogen (NO3; ~-N). Within a certain
range, the complexity of the phytoplankton community structure increased with rising
concentrations of TN and NO3;™-N, findings consistent with those reported by Zhang
Shunting et al. [31] for Yangcheng Lake. This suggests that there were similarities in the
relationships between phytoplankton integrity and environmental factors across different
aquatic environments.

In contrast to TN and NO3; ™ -N, the correlations between P-IBI and other environ-
mental factors were relatively weak. This may be attributed to the extensive study area
and numerous sampling points, which resulted in relatively stable phytoplankton com-
munity compositions that were less susceptible to significant impacts from individual
environmental factors. Additionally, the scouring effects of rivers likely exerted some
influence on phytoplankton growth [32]. More critically, rapid economic development,
large populations, and urbanization-related human activities within the study region of
Jiangsu Province disrupted phytoplankton habitats, thereby affecting the diversity and
integrity of phytoplankton communities. For instance, the Taihu Lake Basin, being more
economically developed than the Huaihe River and Yangtze River Basins, exhibited poorer
evaluations of phytoplankton integrity, supporting the aforementioned inference. Conse-
quently, these multifaceted factors may obscure the relationship between P-IBI and water
quality indicators, such as nutrient levels.

5. Conclusions

(1) In this study, 20 candidate indicators were evaluated through distribution range
tests, discriminant ability analysis, and correlation analysis. Ultimately, seven
indicators—Z72, Z3, Z4, 77, Z8, Z18, and Z20—were selected as core indicators to
construct the biological integrity assessment system for phytoplankton in rivers of
Jiangsu Province.

(2) The P-IBI assessment results indicated that the overall biological integrity of phy-
toplankton in rivers of Jiangsu Province was “General” during the flood season.
Specifically, the Huai River Basin and Yangtze River Basin were in a sub-healthy state,
while the Taihu Lake Basin had a “General” evaluation result. The health status could
be ranked as follows: Huai River Basin > Yangtze River Basin > Taihu Lake Basin.

(38) During the flood season, significant differences in the density community struc-
ture of phytoplankton were observed between the Yangtze River and Huai River
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Basins, as well as between the Yangtze River and Taihu Lake Basins. This suggests
that high-intensity human activities, such as industrial development and shipping,
along the Yangtze River have exerted adverse effects on the community structure
of phytoplankton.

(4) During the flood season, the P-IBI exhibited significant positive correlations with
total nitrogen (TN) and nitrate nitrogen (NO3;~-N), but weak correlations with other
water environmental factors. Nitrogen elements were identified as the primary envi-
ronmental factors influencing the biological integrity of phytoplankton. Both water
environmental factors and human activities can directly or indirectly impact the bio-
logical integrity and community distribution of phytoplankton, thereby affecting the
ecological health of water bodies.
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