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Simple Summary: The purpose of this study was to investigate the effects of rainfall on the spatial
distribution of water quality, plankton density and biomass in Lake Erhai, as well as to examine the
relationship between cyanobacterial blooms and environmental factors during the wet season (May
2016 to October 2016) and the dry season (November 2016 to April 2017). This result reveals that
rainfall drives the changes in multiple environmental factors (such as total nitrogen, total
phosphorus, pH, etc.), which in turn lead to spatial distribution differences in plankton communities
in Lake Erhai. The findings of this study can provide crucial information for the effective
management and protection of water quality in Lake Erhai and its inflowing tributaries within the
watershed.

Abstract: The results indicated that the average value of TN, TP, Chla, pH, and Conductivity in the
rainy season was significantly higher than that in the dry season, respectively. TN, TP, and Chla had
significant differences in three water areas during the rainy season. In addition, the distribution of
Microcystis, Cladocera and copepods density, and copepods biomass had substantial differences in
three places during the rainy season. However, only the distribution of Cladocera biomass had
significant differences in the three water areas during the dry season. Canonical correspondence
analysis indicated that the distribution of plankton (Cyanophyta, Cryptophyta, Cladocera) was
significantly correlated with TN, SD, DO, pH, and Chla during the rainy and significantly correlated
with TN, Cond, DO, Chla and SD during the dry season. In the early eutrophication of Lake Erhai,
determining the spatial distribution of water quality parameters, plankton density and biomass in
the rainy and dry season was also important. It can provide a piece of essential information for
effective management in the Lake Erhai watershed.

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

1. Introduction

Rainfall events can produce a variety of effects, depending on the specifics of a given system.
On one hand, rainfall can lead to eutrophication as nutrients from nutrient-rich bottom layers become
quickly available for cyanobacteria utilization [1,2]. On the other hand, rainfall may transport
airborne pollutants to the ground and underground systems, thereby harming rivers and lakes [3].
Rainfall events can also result in the mixing and re-suspension of dormant cyanobacteria [4,5], as well
as light limitation under conditions of high nutrient supply [6]. Furthermore, rainfall can cause
prolonged turbidity and enhanced turbulence in water bodies through sediment input, dissolved
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organic carbon (DOC) input [7-12], and the re-suspension of sediments during storm events [13].
This effect is often more pronounced in regions with poor land-use practices and management [14].

In the short term, intense rainfall events can lead to lower total chlorophyll-a concentrations with
increased diversity due to the absence of dominant cyanobacterial species [15]. The influx of large
volumes of water during these events can reduce algal biomass as a result of significant flushing rates
[10,16-18], and it may take several days for a bloom to re-establish after being flushed out by heavy
rainfall [7]. This is especially pertinent following severe rainfall events. Generally, rainfall amounts
are correlated with inflow volumes. However, this correlation may weaken if sufficient rain saturates
the catchment area [19]. In the long term, however, the increased input of nutrients such as
phosphorus, nitrogen, and iron into water bodies during and after rainy [5,13,20] can lead to nutrient
enrichment. This not only enhances the system's capacity to support higher biomass but also favors
the proliferation of cyanobacteria [21].

Lake Erhai is the second-largest plateau freshwater lake in Yunnan Province, China. It belongs
to the Lancang watershed, which covers an area of 2,565 km?, receives an annual rainfall of 1,048 mm,
and has a water volume of 27.7 billion m?. The rainy season in the Lake Erhai watershed primarily
occurs between May and October, accounting for over 80% of the total annual precipitation [22]. Due
to its multiple functions, the lake is prone to agricultural non-point source pollution, with pollutant
flows including both osmotic runoff and agricultural irrigation backflow [23]. The primary pollution
source for this lake originates from diffuse pollution caused by surface runoff and river inflow
following rainfall. The lake has experienced continuous nutrient loading and is classified as
eutrophication, with total nitrogen (TN) levels ranging from 0.39-0.60 mg/L and total phosphorus
(TP) levels ranging from 0.004-0.028 mg/L [24]. Moreover, Lake Erhai is distinguished by a clear
division between its dry and rainy seasons. The physical and chemical conditions related to rainfall
may vary significantly between these two periods, potentially influencing cyanobacterial dynamics
[21,25]. Cyanobacterial blooms are common in the eutrophic waters of Lake Erhai, yet the effects of
rainfall on the spatial distribution of algae and zooplankton remain poorly understood.

Therefore, this study aimed to analyze the impact of rainfall on the spatial distribution of water
quality parameters, plankton density, and biomass in Erhai Lake using monthly monitoring data
from May 2016 to April 2017. It also sought to uncover the mechanism by which rainfall-induced
changes in multiple environmental factors influenced the spatial variation in plankton communities.
This research highlights key differences and provides valuable insights for the conservation and
sustainable management of water resources in Lake Erhai.

2. Materials and Methods

2.1. Study Area

Lake Erhai (25°35'-58' N, 100°05’-17" E, 1966 m of altitude), located in Yunnan Province,
southwestern China [26], is a plateau freshwater lake currently in the early stages of eutrophication.
It has a surface area of 251 km? (Figure 1) and features a subtropical monsoon climate with an average
annual temperature of 15.0°C, a mean depth of 10.5 m, and a maximum depth of 20.9 m.

The northern part of Lake Erhai is primarily fed by the Mi-Ju River, Luo-Shi River, and Yong-an
River, collectively known as the "Northern Three Rivers" water system. The western side consists
mainly of 18 mountain stream-type rivers perpendicular to the lake, forming the "Cang-Shan
Eighteen Streams" water system. These streams pass through densely populated villages, have short
flows, and carry relatively small water volumes [27,28]. In the southern region, the Bo-Luo River and
its tributary, the Bai-ta River, dominate. These rivers flow through areas experiencing rapid
urbanization and are transitioning from traditional agricultural pollution sources, such as farming
and livestock breeding, to urban surface pollution [29].
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Figure 1. The location of lake Erhai sampling site.

The "Northern Three Rivers" water system originates from mountainous vegetation and follows
a longer course. Before entering the lake, it passes through three dam areas situated in low-lying
terrain surrounded by mountainous vegetation, which constitutes 42%-56% of the total vegetation
cover. This natural purification process across three levels ensures relatively good water quality.
Conversely, the "Cang-Shan Eighteen Streams" water system originates from mountain vegetation
and enters the lake via a buffer zone downstream of the Cang-Shan dams. This area experiences
higher development intensity, with construction land accounting for an average of 13% of the total
land area [30].

2.2. Sampling Methods

Monthly sampling in Lake Erhai was conducted using 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). Nine sampling stations were established across the entire lake (Figure 1), with
three stations located in the northern region (E1-E3), three in the central region (E4-E6), and three in
the southern region (E7-E9) [31].

Water samples were collected from each site at the upper (i.e., 0.5 m below the water surface),
middle (midway between the surface and the bottom), and lower (i.e., 0.5 m above the sediment
surface) parts of the water column and then pooled together for subsequent analyses of the
physicochemical parameters and plankton communities [32]. We assessed water quality by testing
indicators, including dissolved oxygen (DO), pH, transparency (Zsd), chlorophyll-a (Chla)
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concentration and nutrient parameters. Nutrient parameters, including total nitrogen (TN), total
dissolved nitrogen (TDN), total phosphorus (TP), total dissolved phosphorus (TDP) and specific
forms of nitrogen such as ammonia-N (NHs-N) and nitrate (NOs"N), were tested according to [33].
Chla was tested using a spectrophotometer [33]. Water temperature, dissolved oxygen (DO),
conductivity (Cond) and pH values were determined using YSI Professional Plus (YSI Inc., Yellow
Springs, USA). Water transparency was measured using a 20 cm diameter Secchi’s disk and
represented as Secchi’s depth (Zsu).

50 mL of quantitative crustaceans were collected by filtering 10 L integrated water samples
through 25% (69 um) plankton net and then fixed with 1 mL saturated formalin. All individuals were
counted after precipitation for one day using an Olympus compound microscope (model BH2-RFC;
Olympus America, Inc., Melville, NY, USA) at a total of 4x10 magnification in the samples to calculate
density and biomass [34,35]. Within each sampling site, collecting 1 L of water samples for
phytoplankton identification and counting. Phytoplankton communities were fixed with 1.5%
Lugol’s iodine solution in situ and stored in the dark [12].

2.3. Data Analysis

All results from sampling stations E1-E3 were averaged to represent the northern part of the
lake, sampling stations E4-E6 were averaged to represent the central part of the lake, while the
averaged results from E7-E9 represented the southern part. Significant differences between various
indicators values at different seasons (factor 1) and three areas (factor 2) were calculated using a
general linear model with a multivariate analysis of variance (ANOVA) by comparisons test (LSD)
and expressed as means + standard error (STDVE). The differences were considered significant at p <
0.05, including Bonferroni adjustments. Statistical analyses mentioned above were undertaken using
SPSS (Statistical Product and Service Solutions, IBM Inc.) 22.0 for Windows. Statistical figures were
output by SPSS 22.0. Canonical correspondence analysis (CCA), a constrained ordination, was used
to assess the relationships between physicochemical factors and the plankton biomass [36]. This
analysis was conducted using the CANOCO 5.0 (Microcomputer Power Company, Ithaca, NY, USA).

3. Results

3.1. Variations in Water Quality and Environmental Factors

Mean values for all physical and chemical indicators measured in the rainy and dry seasons at
different areas are shown in Table 1. The average values of TN, TP, Chla, and water temperature were
0.68 +0.03 mg/L, 0.04 + 0.001 mg/L, 20.16 + 1.52 pg/L and 22.5 + 0.49 °C, respectively, during the rainy
season and 0.53 + 0.03 mg/L, 0.03 + 0.001 mg/L, 12.9 + 0.86 ug/L and 14.6 + 0.6 °C, respectively, during
the dry season. The water temperature in the rainy season was significantly higher than that in the
dry season (df = 1, F = 98.211, P < 0.001), however, there was no significant difference between the
northern area, central area, and southern area (df =2, F =0.743, p = 0.484). Furthermore, transparency
of the rainy season was significantly lower than that of the dry season (df = 1, F = 24.131, p < 0.001)
(Figure 2d).

Table 1. Mean values of physicochemical indicators studied. All data are shown as the means + STDV.E

(standard error).

Rainy Dry
Parameters

North Centre South North Centre 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
TDN(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
NOs-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
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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
TDP(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(ug/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
Temperature(°C) 23.58+0.79 22.6+0.50 21.4+1.03 15.4+1.09 14.7+1.05 13.8+1.06
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
Z5d(cm) 132.98+8.52  170.5+15.8 160+14.8 206+12.02 227.714.5 214.6+19.2
Cond(us/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; Zsi—transparency; Cond-conductivity; Chla—chlorophyll-z; TN—total
nitrogen; TDN —total dissolved nitrogen; TP—total phosphorus; TDP —total dissolved phosphorus.
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Figure 2. Box plot of mean TN (a), TP (b), Chla (c), Zsa (d), DO (e), pH (f) and conductivity values (g) 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.

During the entire period from May 2016 to April 2017, the mean value of total nitrogen in the
northern area were significantly higher than the central and southern regions during the rainy season
(p < 0.05, Figure 2a). However, there were no significant variations in northern and southern areas
during the dry season (p > 0.05, Figure 2a). The total phosphorus (p < 0.05, Figure 2b) and Chla (p <
0.05, Figure 2c) concentrations in the northern area were significantly higher than in the southern
part during the rainy season, but there was no significant difference in total phosphorus (p > 0.05,
Figure 2b) and Chla (p > 0.05, Figure 2c) concentrations in the three areas during the rainy season.
Moreover, although the transparency (p < 0.05, Figure 2d), pH (p < 0.05, Figure 2f) and conductivity
(p < 0.05, Figure 2g) values of the rainy season were significantly different from the dry season, but
there were no significant variations between the northern, central and the southern area. Generally,
there were no significant variations in the DO during the dry and rainy season (p > 0.05, Figure 2e);
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however, the total nitrogen, total phosphorus, Chla, conductivity, and pH values significantly
differed between the two seasons (p < 0.05).

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 area was significantly higher
than that in the central and southern areas (p < 0.05, Figure 3a); however, during the dry season, the
density of Microcystis in the south area was significantly lower than that in the central and northern
areas (p < 0.05, Figure 3a). Besides, the ANOVA tests also revealed that the density and biomass of
other Cyanobacteria, as well as the density of Chlorophyta and Bacillariophyta, were significantly
different in the rainy and dry seasons (p < 0.05, Figure 3¢, Figure 3d, Figure 3e, Figure 3g); however,
only the Bacillariophyta biomass was significantly higher in the northern area than in the central and
southern areas during the dry season (P<0.05, Figure 3f). There was no significant difference in
biomass of Microcystis and Chlorophyta between the rainy season and dry season (p > 0.05, Figure 3b,
Figure 3h).

50 [CINorth
a ZiCentre 1.2 b
[ESouth

MC biomass(mg/L)

Other cya density(10° ind/L)
Other cya biomass(mg/L)

bac biomass(mg/L)

=1
51 HIe

chl biomass(mg/L)

10 Q KR

Rainy Dry Rainy Dry

Figure 3. Spatial difference of MC (Microcystis), Other Cya (Other Cyanobacteria), Chl (Chlorophyta) and Bac
(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.

All results of Cladocera and copepods density and copepods biomass indicated that the northern
area was significantly higher than the central area. The central area was considerably higher than the
southern area during the rainy season (p < 0.05, Figure 4a, Figure 4c, Figure 4d). However, there was
no significant difference in the three areas during the dry season (p > 0.05, Figure 4a, Figure 4c, Figure
4d). Cladocera density and biomass results also show that the density of Cladocera in the rainy season
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was significantly higher than in the dry season, but the biomass of Cladocera in the rainy season was
significantly lower than that in the dry season (p < 0.05, Figure 4b). This result was that the rainy
season was mainly dominated by small Cladocera, while large Cladocera mainly dominated the dry
season.
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Figure 4. Box plot of mean Cladocera density (a), Cladocera biomass (b), Copepods density (c) and biomass (d)
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 in Canonical Correspondence
Analysis

All the canonical axes significantly accounted for 33.7% (pseudo-F = 5.1, p < 0.01) of the plankton
taxa biomass in the rainy season and 55.1% (pseudo-F = 11.7, p <0.01) in the dry season. The first axis
and second axis significantly explained 18.77% (pseudo-F = 16.2, p < 0.01) and 9.36% (pseudo-F =9.1, p
< 0.01) of the variation, respectively, during the rainy season (Table 2), which was correlated with
TN, SD, DO, PH and Chla (Figure 5b). The first axis and second axis significantly explained 25.71%
(pseudo-F =23.9, p <0.01) and 6.35% (pseudo-F = 6.4, p < 0.05) of the variation, respectively, during the
dry season (Table 2), which was correlated with TN, Cond, DO, Chla and SD (Figure 5a). The
relationship between the plankton taxa and environmental factors were apparent in the CCA
analysis. Whether in the rainy season or the dry season, plankton taxa biomass (Cyanophyta,
Cryptophyta, Cladocera, Copepods) were correlated with TN, Chla, DO and SD, and not correlated
with TP.

Table 2. CCA results showing the explained variance (%) the dominant plankton taxa by canonical axes.

Rainy season Dry season
fxes Explained variation (%) pseudo-F p-Value Explained variation (%) pseudo-F p-Value
Axis 1 18.77 16.2 0.002** 25.71 23.9 0.002**
Axis 2 9.36 9.1 0.004** 6.35 6.4 0.038*
All axis 33.7 51 0.002** 55.1 11.7 0.002**

Notes: the pseudo-F and p values were derived from Monte Carlo permutation tests. *p < 0.05; ** p <0.01.
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Figure 5. Species—environmental variables biplot of canonical correspondence 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).

4. Discussion

4.1. The Spatial Distribution Differences in Environmental Factors

Our results indicate that nutrient concentrations during the rainy season were significantly
higher than those in the dry season. Moreover, nutrient levels in the northern region of Lake Erhai
were considerably higher than in the southern area during the rainy season. This suggests that rainfall
can accelerate the flow of river sewage into Lake Erhai. The ecosystem of Lake Erhai exhibits
pronounced seasonal variations due to the subtropical rainfall climate. The Water Environment
Monitoring Center of Dali monitored 23 major streams around Lake Erhai during both the dry and
rainy seasons. The findings revealed that rivers flowing into the northern part of the lake contribute
47.0% and 28.7% of the total nitrogen and total phosphorus loads entering Lake Erhai, respectively
[37]. Based on this, some researchers proposed a hypothesis suggesting that external nutrients from
storm runoff in the upper watershed may also increase nutrient concentrations in the Yang-He
reservoir, as evidenced by a sudden rise in TN on August 5 and TP on July 29 [38]. Our results further
confirm that rainfall accelerates the flow of sewage from upstream rivers into Lake Erhai, as
demonstrated by the significant increase in TN and TP concentrations in the northern part of Lake
Erhai during the rainy season.

4.2. The Spatial Distribution Differences in Plankton Biomass and Density

Previously study reported that the phytoplankton community in Lake Erhai exhibited
significant spatial distribution differences between rainy and dry seasons, with these variations
primarily attributed to rainfall runoff [28]. Similarly noted that rainfall can create favorable
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conditions for cyanobacterial growth due to increased nutrient input into water bodies during heavy
rain events [21]. Furthermore, a higher frequency of smaller rain events or wet days can also promote
cyanobacterial proliferation, as they efficiently utilize nutrients introduced by rainfall, particularly
when stratification remains stable. Our findings demonstrated that the density and biomass of
dominant phytoplankton species were higher during the rainy season than during the dry season.
some researchers corroborated this observation, showing significant seasonal differences in
phytoplankton biomass and density [39]. Additionally, our results revealed that Cladocera exhibited
high density but low biomass in the rainy season, contrasting with the dry season where the opposite
was observed. This suggests that an increase in water nutrient concentration may lead to the
succession of large Cladocera species being replaced by smaller ones, resulting in high density but
lower biomass. Previous studies have suggested that increased eutrophication could drive plankton
communities toward dominance by smaller Cladocera, aligning well with our findings [32].
Moreover, research has indicated that under conditions of low Cladocera biomass, Copepod biomass
tends to increase due to competitive interactions, which is largely consistent with our results [40].

4.3. The Influence of Environmental Factors on the Spatial Distribution of Plankton Biomass

All canonical axes together significantly explained 33.7% (pseudo-F =5.1, p <0.01) of the plankton
taxa biomass variation during the rainy season and 55.1% (pseudo-F = 11.7, p < 0.01) during the dry
season. In the rainy season, the first and second axes accounted for 18.77% (pseudo-F = 16.2, p < 0.01)
and 9.36% (pseudo-F = 9.1, p < 0.01) of the variation, respectively, respectively, and were correlated
with TN, SD, DO, pH, and Chla. During the dry season, the first and second axes explained 25.71%
(pseudo-F = 23.9, p < 0.01) and 6.35% (pseudo-F = 6.4, p < 0.05) of the variation, respectively, and were
associated with TN, Cond, DO, Chla and SD. Canonical correspondence analysis (CCA) revealed
clear relationships between plankton taxa and environmental factors. Regardless of the season,
Cyanophyta, Cryptophyta, Cladocera, and Copepods were positively correlated with TN, Chla, DO,
and SD but showed no significant correlation with TP. Previously study demonstrated that dominant
Chlorophyta species, such as Psephonema aenigmaticum and Mougeotia, were significantly influenced
by TN [41]. The CCA plot further illustrated the relationships between phytoplankton and
environmental factors. In our study, Cyanophyta exhibited a strong association with TN and DO,
likely due to the nitrogen-fixing capabilities of the predominant cyanobacterial species,
Aphanizomenon, which thrives in low-nitrogen environments [42]. According to the prediction model,
TN remains a critical factor influencing both the density and biomass of Chlorophyta in Lake Erhai
[41]. This aligns with previous studies indicating that nitrogen concentration is more influential than
phosphorus in this lake, contrasting with findings from other lakes [43]. Therefore, controlling
nitrogen inputs into the Lake Erhai Basin is essential for maintaining ecological balance.

5. Conclusions

In our study, we investigated the spatial distribution characteristics of water quality parameters,
plankton biomass, and density in Lake Erhai over a one-year period from May 2016 to April 2017,
covering both the rainy and dry seasons. Significant spatial differences were observed in water
quality, plankton density, and biomass within Lake Erhai during these two seasons (p < 0.05). During
the rainy season, TN, TP, and Chl-a concentrations exhibited significant variations across three
regions of the lake (p < 0.05). Additionally, the distribution of Microcystis, Cladocera density, and
copepod biomass and density showed significant differences among the three areas during the rainy
season. In contrast, only the distribution of Cladocera biomass demonstrated significant variation
across the three regions during the dry season (p < 0.05). Canonical correspondence analysis revealed
that dominant plankton taxa (Cyanophyta, Cryptophyta, Cladocera) were significantly correlated
with TN, SD, DO, pH, and Chla during the rainy season, while being significantly associated with
TN, Cond, DO, Chla, and SD during the dry season. Regardless of the season, no significant
correlation was found between plankton taxa and TP. The findings of this study can provide crucial
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information for the effective management and protection of water quality in Lake Erhai and its
inflowing tributaries within the watershed.
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