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Abstract

Subtropical plateau lakes, which are distinguished by their elevated altitudes and subtropi-
cal climates, display distinct ecological dynamics. Nevertheless, the spatial and seasonal
variations in the plankton community structure, as well as their interactions with environ-
mental factors, remain inadequately understood. This study investigated the alterations in
the phytoplankton and zooplankton community structure across different geographical
regions (southern, central, and northern) and seasonal periods (rainy and dry) in Erhai lake,
located in a subtropical plateau in China. The results indicated that the average values
of total nitrogen (TN), total phosphorus (TP), chlorophyll-a (Chla), pH, and conductivity
are significantly higher during the rainy season in comparison to the dry season. Further-
more, during the rainy season, there were significant differences in the concentrations of
TN, TP, and Chla among the three designated water areas. Notable differences were also
observed in the distribution of Microcystis, the density of Cladocera and copepods, and the
biomass of copepods across the three regions during this season. Conversely, in the dry
season, only the biomass of Cladocera exhibited significant variation among the three water
areas. The redundancy analysis (RDA) and variance partitioning analysis demonstrated
that the distribution of plankton groups (Cyanophyta, Cryptophyta, and Cladocera) is
significantly associated with TN, Secchi depth (SD), and Chla during the rainy season,
whereas it is significantly correlated with TP and SD during the dry season. These findings
underscore the critical influence of environmental factors, shaped by rainfall patterns, in
driving these ecological changes. In the context of the early stages of eutrophication in
Lake Erhai, it is essential to ascertain the spatial distribution of water quality parameters,
as well as phytoplankton and zooplankton density and biomass, during both the rainy and
dry seasons.

Keywords: spatial distribution; water quality; cyanobacteria; zooplankton; Lake Erhai

Key Contribution: These findings are crucial for understanding how environmental
changes impact lake ecosystems and can guide strategies for managing and protecting
water quality in subtropical plateau lakes.
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1. Introduction
Understanding the spatial and seasonal dynamics of phytoplankton and zooplankton

communities and their interactions with environmental factors is essential for elucidating
the ecological functioning of aquatic ecosystems [1–3]. Phytoplankton and zooplankton
constitute a vital functional component within these ecosystems, significantly contributing
to material cycling and energy flow in food webs [4–8]. The complexity and diversity of
these two plankton communities are essential for sustaining the integrity of ecosystem
functions [9]. As key groups in aquatic environments, the community structure, abundance,
and succession of phytoplankton and zooplankton are highly sensitive to environmental
variables. This sensitivity allows them to serve as effective indicators of the health status of
aquatic ecosystems and fluctuations in water quality [10,11]. Prior research has established
that both abiotic factors such as light, temperature, inorganic nutrients (including nitrogen,
phosphate, silicate, and iron), rainfall, and hydrological connectivity and biotic factors
(e.g., predation by planktivorous fish), can significantly affect the growth and community
succession of phytoplankton and zooplankton [12–16]. Consequently, it is imperative to
understand the characteristics of the phytoplankton and zooplankton community structure
and its relationship with environmental factors to enhance water management practices
and promote biodiversity conservation in lakes (and reservoirs).

The spatial distribution of phytoplankton and zooplankton communities in lacustrine
environments exhibits considerable variability, influenced by factors such as water depth,
light availability, and nutrient gradients [17–21]. These spatial discrepancies, in conjunction
with seasonal environmental fluctuations, establish distinct ecological niches for various
plankton taxa [22,23]. For example, during the rainy season, heightened precipitation re-
sults in increased nutrient influx from terrestrial runoff, which can have differential impacts
on phytoplankton proliferation across different regions of the lake [24]. In contrast, the dry
season, characterized by diminished water levels and enhanced light penetration, may favor
certain zooplankton communities due to changes in food availability and predation dy-
namics [25,26]. Prior research has underscored the necessity of examining both spatial and
temporal dimensions when investigating the dynamics of phytoplankton and zooplankton
communities [27,28]. In subtropical plateau lakes, which are marked by significant spatial
heterogeneity and seasonal variations in precipitation and temperature, the dynamics of
phytoplankton and zooplankton communities are particularly intricate and shaped by a
multitude of environmental factors [29–31]. Nevertheless, research on the spatial–seasonal
dynamics of plankton in these lakes, which feature a unique combination of high altitude
and subtropical climate, remains relatively scarce [29,32]. These lakes frequently experi-
ence substantial anthropogenic pressures, including nutrient loading from agricultural
practices and urban development, which further exacerbate the dynamic complexity of
phytoplankton and zooplankton across both spatial and temporal scales [33,34].

Lake Erhai, situated in Yunnan Province, China, is recognized as the second-largest
plateau freshwater lake in the region. Due to its diverse functions, this lake is vulnerable
to agricultural non-point source pollution. When pollutants enter it through seepage,
runoff, etc., eutrophication will occur if the nitrogen and phosphorus levels in the water
exceed standards and the water temperature is suitable [35,36]. Furthermore, Lake Erhai
is characterized by a distinct separation between its dry and rainy seasons, leading to
significant variations in the physical and chemical conditions associated with rainfall,
which may impact cyanobacterial dynamics [37,38]. Although cyanobacterial blooms are
prevalent in the eutrophic waters of Lake Erhai in summer and autumn [39], the spatial and
seasonal variations in planktonic community structure during the wet and dry seasons in
subtropical highland lakes, as well as their interactions with environmental drivers, remain
inadequately understood.
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The primary aim of this research is to conduct a thorough examination of the spatial
and seasonal dynamics of the plankton community within a subtropical plateau lake. This
study seeks to clarify the intricate relationships among plankton abundance, diversity, and
environmental variables across the southern, central, and northern regions during both
the rainy and dry seasons. Through this investigation, we aspire to enhance the under-
standing of the ecological processes that regulate plankton dynamics in these distinctive
ecosystems and to offer significant insights into lake management and the conservation of
lake environments.

2. Materials and Methods
2.1. Study Area

Lake Erhai, situated in Yunnan Province in southwestern China (coordinates:
25◦35′–58′ N, 100◦05′–17′ E, at an elevation of 1966 m), is a freshwater lake on a plateau that
is presently experiencing the initial phases of eutrophication [40]. It is part of the Lancang
watershed, which encompasses an area of 2565 km2, receives an annual precipitation of
1048 mm, and possesses a water volume of 27.7 billion m3. The lake encompasses a surface
area of 251 km2 (Figure 1), and the region is characterized by a subtropical monsoon climate
with an average annual temperature of 15.0 ◦C. Additionally, it has a mean depth of 10.5 m
and a maximum depth of 20.9 m.

Figure 1. The location of Lake Erhai sampling sites. Among them, the red star, red squares, E(1–9),
and EH represent the location of Lake Erhai in China, sampling point location, sampling point
number, and the abbreviation of Lake Erhai, respectively, and the dashed line in the figure represents
the dividing line between the southern, central and northern parts of Lake Erhai.

The northern section of Lake Erhai is predominantly nourished by the Mi-Ju River,
Luo-Shi River, and Yong-an River, which are collectively referred to as the “Northern
Three Rivers” hydrological system. The western boundary is characterized by 18 mountain
stream-type rivers that run to the lake, collectively known as the “Cang-Shan Eighteen
Streams” water hydrological system. These streams traverse densely populated villages,
exhibit short flow lengths, and transport relatively modest volumes of water [41,42]. In
the southern area, the Bo-Luo River and its tributary, the Bai-ta River, are the primary
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waterways. These rivers flow through regions undergoing rapid urbanization and are
experiencing a shift from traditional agricultural pollution sources, such as farming and
livestock rearing, to urban surface pollution [43].

The “Northern Three Rivers” water system is sourced from mountainous vegetation
and traverses an extended route. Prior to its entry into the lake, it flows through three
dam regions located in low-lying areas that are surrounded by mountainous vegetation,
which constitutes between 42% and 56% of the overall vegetation cover. In contrast, the
“Cang-Shan Eighteen Streams” water system also originates from mountain vegetation but
reaches the lake through a buffer zone situated downstream of the Cang-Shan dams. This
particular area is characterized by a higher degree of development, with construction land
representing an average of 13% of the total land area [44].

2.2. Sampling Methods

Monthly sampling in Lake Erhai was performed utilizing a 5 L modified Patalas bottle
sampler during both the rainy season (from May 2016 to October 2016) and the dry season
(from November 2016 to April 2017). A total of nine sampling stations were established
throughout the lake (Figure 1), with three stations situated in the northern region (E1–E3),
three in the central region (E4–E6), and three in the southern region (E7–E9) [45] (Figure 1).

Water samples were collected from three distinct depths at each site: the upper layer
(0.5 m below the water surface), the middle layer (midway between the surface and the
bottom), and the lower layer (0.5 m above the sediment surface). These samples were
subsequently combined for the analysis of physicochemical parameters and plankton
communities [46]. The water quality was assessed through the measurement of various
indicators, including dissolved oxygen (DO), pH, transparency (SD), chlorophyll-a (Chla)
concentration, and nutrient parameters. The nutrient parameters analyzed included total
nitrogen (TN), dissolved inorganic nitrogen (DIN), total phosphorus (TP), and soluble
reactive phosphorus (SRP), as well as specific nitrogen forms such as ammonia-N (NH4

+)
and nitrate (NO3

−), in accordance with the methodologies outlined in [47]. Chlorophyll-a
concentration was determined using a spectrophotometer as per the procedures described
in [47]. Dissolved oxygen (DO), conductivity (Cond), and pH values were measured using a
YSI Professional Plus (YSI Inc., Yellow Springs, OH, USA). Water transparency was assessed
using a 20 cm diameter Secchi’s disk, and results were expressed as Secchi’s depth (SD).

A total of 50 mL of quantitative crustacean samples was obtained by filtering 10 L
of integrated water samples through a 25# (69 µm) plankton net, followed by fixation
with 1 mL of saturated formalin. Additionally, 1 L water samples were collected at each
sampling site. These water samples were preserved in situ with 10–15 mL of 1.5% Lugol’s
iodine solution and then transported to the laboratory. The water samples were poured
into sedimentation vessels and allowed to stand for 24–48 h to enable the phytoplankton
to settle. Subsequently, the upper algae-free supernatant was carefully drawn off, leaving
approximately 50 mL of bottom sediment for phytoplankton analysis [48]. In the quantita-
tive analysis of phytoplankton and zooplankton samples, the image recording equipment
typically consists of a microscope-mounted digital camera, the Olympus DP74 (Olympus
Corporation, Tokyo, Japan). This system is connected to the Olympus compound micro-
scope (model BH2-RFC; Olympus America, Inc., Melville, NY, USA) and used to capture
high-resolution microscopic images to assist in species identification and enumeration.
Phytoplankton in 0.1 mL samples were counted and measured under a 400× magnification
using an Olympus compound to calculate their density and biomass. The phytoplankton
were identified to the genus (or species) level. Among them, Microcystis is one of the most
common cyanobacteria in Lake Erhai and the dominant species in the lake’s algal blooms.
Therefore, the cell density and biomass of Microcystis were calculated separately. The
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zooplankton in 0.1 mL samples were counted and measured under a 40× magnification to
calculate the density and biomass of each zooplankton species [15,49]. The identification
of copepods (zooplankton) and cladocerans (zooplankton) was conducted based on the
aforementioned references.

2.3. Data Analysis

The data collected from sampling stations E1 to E3 were averaged to represent the
northern region of the lake, while the averages from stations E4 to E6 were utilized to
characterize the central region, and the averages from stations E7 to E9 were indicative
of the southern region. Significant differences in the values of various indicators across
different seasons (factor 1) and among the three regions (factor 2) were assessed using a
general linear model with a multivariate analysis of variance (ANOVA), followed by a least
significant difference (LSD) post hoc test. The results are presented as means ± standard
error (STDVE), with differences deemed statistically significant at p < 0.05, incorporating
Bonferroni adjustments. The aforementioned statistical analyses were conducted using
SPSS (Statistical Product and Service Solutions, IBM Inc., Armonk, NY, USA) version 22.0
for Windows, while statistical figures were generated using R version 4.3.2 (R Development
Core Team, Vienna, Austria, 2020).

Principal component analysis (PCA) was performed on the water physicochemical
dataset of water using the R packages “FactoMineR” and “factoextra”. PCA serves to
convert a multivariate dataset into a new format that enhances interpretability [50]. The
contribution of each variable to the variability of a specific principal component is illus-
trated through percentages represented in various colors, with higher contribution values
indicating a more substantial influence of the variable on that component. In the analysis
of individual principal components, those individuals with significant contributions are
highlighted in orange.

To explore the relationships and effects of environmental variables on plankton com-
munities in Erhai Lake across different seasons and water areas, redundancy analysis (RDA)
was conducted utilizing the R software packages “vegan”, “plyr”, “ggplot2”, “ggrepel”,
and “colorspace”. Prior to conducting the analysis, all species data and other environmental
variables, with the exception of pH, were transformed using the log10 (x + 1) function to
satisfy the assumptions of normal distribution. Variance partitioning analysis was em-
ployed to clarify the relative importance of environmental factors in shaping the plankton
community. This study specifically utilized variance partitioning to estimate the percentage
contribution of individual predictors, such as total nitrogen (TN) or total phosphorus (TP),
to the explained variance in plankton biomass. All statistical analyses were executed using
R 4.3.2.

3. Results
3.1. Variations in Water Quality and Environmental Factors

The mean values for all physical and chemical indicators measured during the rainy
and dry seasons across different areas are presented in Table 1. During the rainy season,
the average concentrations of total nitrogen (TN), total phosphorus (TP), and chlorophyll-a
(Chla) were recorded as 0.68 ± 0.03 mg/L, 0.04 ± 0.001 mg/L, and 20.16 ± 1.52 µg/L,
respectively. Conversely, during the dry season, these average concentrations were
0.53 ± 0.03 mg/L, 0.03 ± 0.001 mg/L, and 12.9 ± 0.86 µg/L, respectively.

The findings from the principal component analysis (PCA) conducted on various
environmental factors in Lake Erhai are illustrated in Figure 2. The degree of contribution
of each variable is visually indicated by the intensity of the red coloration in the figure.
The analysis reveals, for the first principal component (Dim1), that TN, TP, Chla, SD,
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and DO were the predominant variables with significant contributions. In contrast, the
second principal component (Dim2) was primarily influenced by pH and SD, with DO and
conductivity (Cond) also contributing notably.

Table 1. Mean values of physicochemical indicators studied. All data are shown as the means ± SD
(standard error).

Parameters
Rainy Dry

North Center South North Center South

TN (mg/L) 0.822 ± 0.072 0.645 ± 0.036 0.625 ± 0.034 0.630 ± 0.022 0.502 ± 0.041 0.578 ± 0.021
DIN (mg/L) 0.445 ± 0.042 0.427 ± 0.034 0.421 ± 0.026 0.381 ± 0.056 0.359 ± 0.050 0.323 ± 0.055
NO3-N (mg/L) 0.150 ± 0.008 0.155 ± 0.013 0.160 ± 0.017 0.154 ± 0.005 0.139 ± 0.006 0.133 ± 0.003
NH4-N (mg/L) 0.021 ± 0.007 0.029 ± 0.016 0.019 ± 0.008 0.024 ± 0.029 0.029 ± 0.006 0.018 ± 0.005
TP (mg/L) 0.042 ± 0.002 0.035 ± 0.001 0.033 ± 0.003 0.027 ± 0.003 0.025 ± 0.003 0.027 ± 0.003
SRP (mg/L) 0.016 ± 0.001 0.013 ± 0.001 0.015 ± 0.001 0.012 ± 0.002 0.011 ± 0.002 0.010 ± 0.002
Chla (µg/L) 23.32 ± 2.68 17.49 ± 2.16 13.84 ± 0.96 13.52 ± 1.02 11.98 ± 1.37 13.22 ± 2.09
DO (mg/L) 7.86 ± 0.51 6.76 ± 0.38 6.66 ± 0.27 6.89 ± 0.41 6.85 ± 0.41 7.63 ± 0.23
pH 8.92 ± 0.22 8.88 ± 0.26 9.04 ± 0.36 8.59 ± 0.054 8.57 ± 0.049 8.52 ± 0.048
SD (cm) 132.98 ± 8.52 170.5 ± 15.8 160 ± 14.8 206 ± 12.02 227.7 ± 14.5 214.6 ± 19.2
Cond (µs/cm) 324.2 ± 5.99 307.9 ± 8.39 309.5 ± 11 266.8 ± 7.3 258.2 ± 8.27 254.8 ± 8.68

Notes: DO—dissolved oxygen; SD—transparency; Cond—conductivity; Chla—chlorophyll-a; TN—total nitrogen;
DIN—dissolved inorganic nitrogen; TP—total phosphorus; SRP—soluble reactive phosphorus.

Figure 2. Principal component analysis (PCA) of major environmental factors in Lake Erhai. The
different sizes of circles in the figure represent the high and low correlations, which are proportional
to the size of the circles.

During the entire period from May 2016 to April 2017, the average concentration of
total nitrogen in the northern region was significantly higher than that observed in the
central and southern regions during the rainy season (p < 0.05, Figure 3). Conversely, no
significant differences were detected between the northern and southern regions during the
dry season (p > 0.05, Figure 3). Additionally, during the rainy season, the concentrations
of total phosphorus (p < 0.05) and Chla (p < 0.05) in the northern region were significantly
higher than those the southern region; however, there was no significant difference in total
phosphorus (p > 0.05) and Chla (p > 0.05) concentrations found among the three regions
during the rainy season. Furthermore, while the values for SD (p < 0.05), pH (p < 0.05), and
conductivity (p < 0.05) during the rainy season were significantly different from those in
the dry season, no significant variations were observed among the northern, central, and
southern regions. Overall, there were no significant variations in the DO during the dry
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and rainy season (p > 0.05); however, the total nitrogen, total phosphorus, chlorophyll-a,
conductivity, and pH values exhibited significant differences between the two seasons
(p < 0.05).

Figure 3. Box plot of mean TN, TP, Chla, SD, DO, pH, and Cond values during the dry and rainy
seasons from May 2016 to April 2017. Different letters indicate significant differences between
treatments at p < 0.05, as determined by a post hoc test (LSD, least significant difference) of the
analysis of variance (ANOVA) with treatments treated as a fixed factor.

3.2. Spatial Distribution Differences of Plankton Density and Biomass in Rainy and Dry Seasons

During the rainy season, the density of Microcystis in the northern region was found
to be significantly greater than that observed in the central and southern regions (p < 0.05,
Figure 4). Conversely, in the dry season, the density of Microcystis in the southern area was
significantly lower than that in both the central and northern regions (p < 0.05, Figure 4).
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Furthermore, the ANOVA tests also revealed that the density and biomass of other
cyanobacteria, as well as the density of chlorophyta and Bacillariophyta, exhibited signifi-
cant variations between the rainy and dry seasons (p < 0.05). Notably, during the dry season,
the biomass of Bacillariophyta was significantly higher in the northern region compared
to in the central and southern regions (p <0.05). However, no significant differences were
observed in the biomass of Microcystis and chlorophyta between the rainy and dry seasons
(p > 0.05).
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Figure 4. Spatial difference of Microcystis, other cyanobacteria, chlorophyta, and Bacillariophyta
density and biomass in rainy and dry seasons. Different letters indicate significant differences
between treatments at p < 0.05, as determined by a post hoc test (LSD, least significant difference) of
the analysis of variance (ANOVA) with treatments treated as a fixed factor.
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The research findings regarding the density of Cladocera and copepods, as well as
the biomass of copepods, reveal that during the rainy season, the densities in the northern
region are markedly higher than those in the central region, which are in turn significantly
higher than those in the southern region (p < 0.05, Figure 5). Conversely, during the
dry season, no significant differences are observed among the three regions (p > 0.05).
Additionally, the data concerning the density and biomass of Cladocera indicate that the
density of Cladocera is elevated significantly higher during the rainy season compared
to the dry season, whereas the biomass of Cladocera is significantly reduced in the rainy
season relative to the dry season (p < 0.05). These results imply that small-sized Cladocera
are more prevalent during the rainy season, while large-sized Cladocera are predominantly
found during the dry season.
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Figure 5. Box plot of mean Cladocera density, Cladocera biomass, copepods density and copepods
biomass in rainy and dry seasons. Different letters indicate significant differences between treatments
at p < 0.05, as determined by a post hoc test (LSD, least significant difference) of the analysis of
variance (ANOVA) with treatments treated as a fixed factor.

3.3. The Relationship Between Plankton Biomass and Environmental Factors

The findings from the redundancy analysis (RDA) were employed to assess the influ-
ence of environmental factors on the predominant phytoplankton and zooplankton species
in Lake Erhai, considering variations across different seasons and spatial distributions
(Figure 6). In the dry season, the first and second axes of the RDA accounted for 65.66%
and 1.12% of the variance, respectively (Figure 6a). Within this context, TP, DO, and SD
emerged as the most significant determinants affecting the biomass of both phytoplank-
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ton and zooplankton. Furthermore, the variance partitioning analysis indicated that TP
concentration during the dry season was the primary factor influencing the biomass of the
plankton community. It is noteworthy that no significant spatial distribution differences
were detected among various water areas in Lake Erhai during this season.

 

Figure 6. Species–environmental variables biplot of redundancy analysis for (a) the dry season and
(b) the rainy season. The triangles represent dominant plankton taxa, and the arrows represent
environmental variables. Abbreviations: Cya (Cyanophyta), Bac (Bacillariophyta), Cry (Cryptophyta),
Chl (chlorophyta), Cla (Cladocera), Cop (copepods).

In contrast, in the rainy season, the first and second axes of the RDA explained
33.86% and 1.93% of the variance, respectively (Figure 6b). In this season, TN and Chla
were identified as the key factors impacting the biomass of cladocerans and copepods.
The results of the variance partitioning analysis further indicated that TN concentration
during the rainy season was the most critical factor affecting the biomass of the plankton
community. Additionally, significant spatial distribution differences were observed among
various water areas in Lake Erhai during the rainy season.

4. Discussion
This study reveals significant spatial and temporal distribution differences in the

phytoplankton and zooplankton communities in Lake Erhai and identifies the key environ-
mental drivers influencing their dynamics. Spatially, high biomass values of Microcystis
are observed in the northern region, primarily driven by elevated nutrient concentrations
(e.g., total nitrogen and total phosphorus) in the lake. Meanwhile, zooplankton (such as
copepods and cladocerans) exhibit distinct spatial distribution patterns, closely correlated
with phytoplankton biomass and nutrient concentrations. Temporally, the density and
biomass of phytoplankton (including Microcystis, other cyanobacteria, bacillariophyte, and
chlorophyta) during the rainy season differ significantly from those in the dry season, with
similar seasonal trends observed for zooplankton. Further analysis indicates that nutrient
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concentration is the core variable regulating the community structure of both phytoplank-
ton and zooplankton. These findings provide critical insights into material cycling and
energy flow in subtropical plateau lake ecosystems, while also offering a scientific reference
for subsequent lake eutrophication management strategies based on niche theory.

The findings of this study indicated that nutrient concentrations during the rainy sea-
son were significantly higher compared to those observed in the dry season. Furthermore,
nutrient levels in the northern region of Lake Erhai were markedly higher than those in the
southern region during the rainy season, suggesting that rainfall may facilitate the trans-
port of riverine sewage into Lake Erhai. The ecosystem of Lake Erhai exhibits pronounced
seasonal variations attributable to the subtropical rainfall climate. The Water Environment
Monitoring Center of Dali conducted monitoring of 23 main streams surrounding Lake Er-
hai during both the dry and rainy seasons. The results indicated that the rivers discharging
into the northern part of the lake contributed 47.0% and 28.7% of the total nitrogen and total
phosphorus loads, respectively [51]. This observation aligns with the hypothesis proposed
by [52], which posits that external nutrients from stormwater runoff in the upper watershed
may also increase the nutrient concentrations in the Yang-He reservoir, as evidenced by a
marked increase in TN on 5 August and TP on 29 July. Additionally, our results suggested
that rainfall may have expedited the influx of sewage from upstream rivers into Lake Erhai,
as indicated by a significant increase in TN and TP concentrations in the northern region of
the lake during the rainy season.

The phytoplankton community in Lake Erhai exhibits significant spatial distribution
differences between the rainy and dry seasons, primarily attributed to the influence of
rainfall runoff [42]. On one hand, rainfall can lead to eutrophication, as nutrients from
nutrient-rich bottom layers become quickly available for cyanobacteria utilization [53–55].
On the other hand, rainfall may transport airborne pollutants to the ground and under-
ground systems, thereby harming rivers and lakes [56]. Rainfall events can also result in
the mixing and re-suspension of dormant cyanobacteria [57,58], as well as light limitation
under conditions of high nutrient supply [59]. Previous studies also proposed that rainfall
leads to a significant increase in nutrient input into water bodies, thus creating favorable
conditions for cyanobacterial growth during heavy rainfall events [39]. Our research results
indicated that the density and biomass of Microcystis, other cyanobacteria, and chlorophyta
were higher in the rainy season than in the dry season, whereas the density and biomass
of bacillariophyte are lower. Prior studies have shown that with the arrival of the rainy
season in summer and autumn, large amounts of external pollutants are carried into the
lake through rainfall runoff. Under conditions of high temperature and elevated nutrient
levels, cyanobacteria (especially Microcystis) and chlorophyta (e.g., Chlorella, Scenedesmus)
emerge as the dominant genera in Lake Erhai during the summer and autumn months
due to their rapid growth rates [60]. Moreover, other investigations have established that
during the dry season, lower water temperatures and diminished nutrient levels favor
bacillariophyte, which capitalize on their siliceous cell walls to withstand and adapt to
low-light environments [42]. For example, the proportion of Aphanizomenon flos-aquae
increases during winter, ultimately becoming the dominant species by March–April of
the subsequent year. In contrast, during the rainy season, heightened water turbidity and
decreased transparency hinder bacillariophyte photosynthesis, and their longer growth
cycles impede their ability to establish dominance in the rapidly fluctuating environmental
conditions characteristic of this season.

The spatial distribution analysis of the zooplankton community reveals that during
the rainy season, cladoceran density is elevated, yet their biomass is diminished, in contrast
to the dry season where the reverse trend is observed. Furthermore, both the density
and biomass of copepods are significantly greater in the rainy season compared to the
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dry season. These observations imply that an increase in nutrient concentrations within
the aquatic environment leads to a gradual replacement of larger cladocerans by smaller
ones, resulting in a scenario characterized by high density but low biomass. Prior research
has suggested that the escalation of eutrophication may trigger a shift in the dominant
zooplankton species from larger cladocerans to smaller variants [46]. The bottom-up effect,
driven by nutrient enrichment, fuels phytoplankton blooms. This often favors small-sized
phytoplankton, leading to a food shift. Consequently, zooplankton communities may un-
dergo a transition from large cladocerans to smaller ones. During the rainy season, rainfall
runoff carries substantial amounts of nutrients, such as nitrogen and phosphorus, into Lake
Erhai, exacerbating water eutrophication. In the process of eutrophication, large cladocer-
ans (e.g., Daphnia) are gradually replaced by small cladocerans (e.g., Bosmina, Chydorus)
due to feeding pressure and competitive disadvantages [61]. Although small cladocerans
exhibit high numerical density, their individual biomass remains low, leading to an overall
reduction in biomass, which is consistent with our findings. Additionally, fish predation
pressure during the rainy season may be a factor contributing to changes in the cladoceran
community structure [15,62]. During this period, small planktivorous fish are in a rapid
growth phase, and large cladocerans are more susceptible to predation, while small species
survive due to their small size and strong evasion abilities. This further exacerbates the
shift from a community structure dominated by large-sized cladocerans to one dominated
by small-sized cladocerans. Previous studies have shown that under conditions of low
cladoceran biomass, copepod biomass tends to increase due to competitive interactions, a
finding that is generally consistent with our research results [62].

Numerous studies have demonstrated that nutrients and light serve as essential re-
sources that significantly influence phytoplankton growth [24,63]. During the rainy season,
heightened precipitation can result in alterations to nutrient concentrations and light avail-
ability within aquatic ecosystems, thereby impacting both the growth and community
composition of phytoplankton. Variability in factors such as water depth and flow velocity
across different regions of a lake may lead to differential responses to changes in nutrient
and light conditions [23]. In the present study, results from the redundancy analysis (RDA)
indicated that during the dry season in Lake Erhai, TP and light (SD) emerged as the
most significant determinants of the biomass of both phytoplankton and zooplankton.
Furthermore, variance partitioning analyses revealed that TP concentration during the dry
season was the predominant factor influencing the biomass of the plankton community. In
contrast, during the rainy season, TN and Chla were considered the most significant factors
influencing the biomass of copepods. The variance partitioning results also indicated that
TN concentration during the rainy season was the primary factor influencing the biomass
of the plankton community. Previous research has suggested that the Canonical Correspon-
dence Analysis (CCA) of the dominant chlorophytes, specifically Psephonema aenigmaticum
and Mougeotia, was significantly affected by TN [64]. In our investigation, cyanobacteria
exhibited a notable correlation with TN and DO during the rainy season. This is because
one of the major cyanobacterial species, Aphanizomenon, is capable of nitrogen fixation
and can grow in water bodies with low nitrogen concentrations [65]. The findings also
indicated that TN remains a key factor affecting the density and biomass of chlorophytes
in Lake Erhai, with nitrogen concentration being more critical than phosphorus concen-
tration [64]. This finding aligns with previous studies conducted on other lakes [66]. The
results may be explained by the fact that increased precipitation can lead to fluctuations
in nutrient concentrations and light conditions within aquatic systems, thereby affecting
the structure of the plankton community. During the summer when rainfall is abundant,
alterations in nutrient input due to anthropogenic activities—such as non-point source
pollution from agricultural practices and increased pollutant loads in rivers resulting from
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urbanization—can significantly influence the dynamics of lake phytoplankton and zoo-
plankton. Consequently, it is imperative to implement measures to mitigate nutrient inputs
into the Lake Erhai basin.

5. Conclusions
This study reveals key spatial–seasonal shifts in Lake Erhai’s phytoplankton and zoo-

plankton communities. During the rainy season, nutrient-rich runoff drives eutrophication,
favoring rapid-growing cyanobacteria (Microcystis) and chlorophyta, whereas in the dry
season, bacillariophyte emerge as the dominant group due to lower nutrient concentrations.
Zooplankton exhibit contrasting patterns: cladocerans show high density but low biomass
in the rainy season, as eutrophication leads to the replacement of larger Daphnia spp. by
smaller Bosmina spp. Copepods thrive in both density and biomass during the rainy season,
benefiting from reduced competition. These findings underscore the lake’s vulnerability to
pollution and climate variability, highlighting the need for seasonally adaptive manage-
ment to curb eutrophication and protect ecosystem health. Future research should explore
the long-term impacts of climate change on seasonal patterns, as altered precipitation
regimes may exacerbate eutrophication and disrupt trophic interactions.
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