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Abstract: In recent years, investigating the trend of aquatic plant diversity in response to different
disturbance events has received increasing interest. However, there is limited knowledge of the
different stages of aquatic vegetation succession over a long period in eutrophic lakes. In this study,
we analyzed aquatic plant species richness and its relation to the physical and chemical characteristics
of water in Chenghai Lake for the period of 1980-2018. This study shows that the richness and
distribution of aquatic vegetation in Chenghai Lake are related to chlorophyll-a concentration,
dissolved nutrients, base cations, and micronutrients. The results show that the long-term succession
of aquatic plants in this lake classified in different stages: (I) A peak in species richness occurred at an
intermediate stage that lasted from 1980 to 1992, and this was caused by more aquatic species being
able to coexist since the competition for resources was lower; (II) after 26 years of secondary succession
(1992-2018), the diversity and distribution area of aquatic plants gradually declined because pioneer
species or human activities may have altered habitat conditions to render habitats less beneficial to
pioneer species and more suitable for new aquatic plant species. Thus, species diversity and growth
performance of aquatic plants in their communities may be useful indicators of Chenghai Lake’s
trophic status, especially during the transition period from a mesotrophic lake to a eutrophic one.
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1. Introduction

Aquatic macrophytes play an important role in the structure and function of lake ecosystems [1,2].
These plants include free-floating macrophytes, floating-leaved macrophytes, submersed macrophytes,
and emergent macrophytes [3]. Aquatic macrophyte species are particularly important to aquatic
environments because they provide energy to food-webs [4], promote sediment deposition [5], increase
water clarity [6], facilitate nutrient cycling [7], and serve as habitats for a wide diversity of organisms [8].
Thus, aquatic macrophytes are particularly important to aquatic ecosystems for their contribution
to ecosystem service functions and as ecosystem engineers [9,10]. However, the distribution and
abundance of aquatic macrophytes have been significantly affected by environmental conditions and
anthropogenic activities [11]. In addition, aquatic plants expand to new habitats by propagating [12];
for example, the facilitation of dispersal by hydrologic connectivity may result in aquatic plants having
relatively easy access to different habitat [13].

It is important to understand the effect of disturbances (floods, drawdowns, etc.) on aquatic
ecosystems. This is because human activity and climate change are altering disturbance regimes
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and placing increasing pressure on aquatic ecosystem construction and biodiversity [14,15]. Firstly,
the important environmental factors for aquatic plants are ambient temperature, light, nutrients,
and hydrology [11,16]. For example, stabilization of river water levels may negatively affect vegetation
composition and succession in floodplain lakes because fluctuating water levels can promote
propagation and diffusion of propagules [17]. Species richness in aquatic plant communities is
most strongly related to nutrients or water temperature [18,19], and the community structure is also
affected by variations in nutrient levels [11,20]. In general, the greatest species richness should occur in
mesotrophic and eutrophic habits [18,21,22], but high nutrient levels may lead to the destruction of
species richness because of competition for nutrients [7,23]. Thus, exploring the relationship between
aquatic plants and the external environment is a complex problem.

There are many theories about the dynamics of species composition. For example, the intermediate
disturbance hypothesis (IDH) is frequently invoked to explain the coexistence of a great number of
plant species with intermediate levels of disturbance in natural communities [24]. While the IDH has
been widely tested, there remains considerable discussion about the coexistence patterns of species
after a disturbance [25-27]. As correlation with a disturbance may be dependent on its frequency,
extent, intensity, and duration [28], and many hypotheses have been proposed to predict or explain
successional pathways and explain patterns of biological diversity [15]. However, these hypothetical
theories have different scopes of application [15]. Clarifying the process is further hampered by the
complexity and variability of the ecosystems and disturbance events involved [15,29], as well as the
fact that plant succession is a long-term dynamic process [30]. Thus, in order to predict the result of
plant succession with more accuracy, we need to understand how species diversity is likely to change
as disturbance regimes change over a long period of time.

In recent years, environmental problems have become increasingly serious. Environmentalists
are interested in restoring the function of lake ecosystems by investigating the relationship between
environmental factors and aquatic plant species richness and succession. Most studies on vegetation
succession have mainly focused on terrestrial ecosystems [26-28]. Few studies have been conducted to
verify the succession of aquatic vegetation [25], particularly by comparing long-term succession. To fill
this research gap, we attempted to clarify several of these scientific problems in Chenghai Lake by (i)
assessing the relationship between habitat conditions and aquatic plant species richness, (ii) exploring
the mechanism of succession of aquatic vegetation, and (iii) predicting the changing trends of aquatic
vegetation in the future. These data provide basic information for the monitoring, management, and
control of aquatic ecosystems in Chenghai Lake.

2. Methods

2.1. Study Sites

Lake Chenghai (26°25" N, 100°03’ E) in Yunnan Province, China, is a warm monomictic plateau
lake (lake elevation: 1501 m; lake area: 78.8 km?; average width: 4.3 km; average depth: 25.7 m;
maximum depth: 35.1 m; storage of lake: 1.98 billion m?). The lake basin is surrounded on three sides
by mountain ranges (2300-2600 m a.s.l.) and a wide valley on its Southern side. The average annual
rainfall in the region is 733 mm, most of which occurs between July and October during the summer
monsoon period in Southwest Asia [31]. The lake was formed in the middle of the third generation of
the Cenozoic era during the Himalayan period. The orogeny formed a fault graben, which was trapped
in low water and then became a lake. The lake used to be an outflow lake and flowed Southward
through the Cheng River and more than 30 km into the Jinsha River. Around 1690, the water level of
Chenghai Lake suddenly and rapidly decreased, and it became an inland lake [32].

In recent years, the human induced economic development has produced negative effects on
Chenghai Lake’s ecosystem. For example, the water quality of Chenghai Lake has gradually decreased,
so the coverage and diversity of aquatic vegetation has declined. In addition, the invasion of Neosalanx
taihuensis has led to the rapid disappearance of native fish species. The shore of Chenghai Lake has
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been affected by industrial production and other human activities. Pollution caused by agricultural and
rural sources along the lakeside has caused serious destruction to the lakeside environment. Among
the adverse effects, the decline of submerged macrophytes and the invasion of N. taihuensis are the
most prominent problems in the ecosystem of Chenghai Lake.

2.2. Field Surveys

From June to August 2018, a field survey of the distribution of aquatic vegetation was performed
along Chenghai Lake. We set up 24 transects along the lakeshore zone (Figure 1) for sampling.
Each transect contained 4-6 quadrats (1 m X 1 m), and for each quadrat, the identities of all plants
(including aboveground and belowground parts) were recorded. In addition, we used a professional
submersed rake (diameter = 0.5 m, area = 0.2 m?) to collect aquatic vegetation from the deep-water
area. We set up 69 sampling points along the deep-water area of the lake (Figure 1). The majority
of individual plants of all species were uprooted in the mud within the sampling points. After the
specimens were washed, those that were intact and healthy were carefully sorted and then stored in
special sampling bags until all measurements were completed. We recorded the aquatic plants” growth
traits (coverage, phenological phase, plant height, and fresh weight, which were measured according
to classic ecological methods [33,34]) in the quadrats, while the physical and chemical characteristics
of the water were measured using a Professional Plus multiparameter instrument (YSI Incorporated,
Ohio, OH, USA) and a portable turbidimeter (2100Q, HACH, Loveland, CO, USA). The typical process
involved collecting water samples from quadrats and measuring the values of the nutrients and heavy
metals in the laboratory. All plant samples were dried at 70 °C for >48 h to determine the total biomass.

----- Sampling transects
] 125 285 5 75 10

————— Sampling points

Figure 1. Sampling design of the aquatic plants in Chenghai Lake.
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2.3. Data Collection

We collected historical documented surveys of aquatic vegetation [35-38] and water quality data
for the period ranging from 1980 to 2018 (for details, see Table 1, Figures 2 and 3).

Table 1. Species richness and coverage of aquatic plants in Chenghai Lake from 1980 to 2018.

Years Species Coverage (km?)  Reference Sampling Methods

Vallisneria natans
Potamogeton pectinatus
Myriophyllum spicatum

Chara sp.

Used route investigation, sampling,

1980 and other ecological methods.

— [35,36]

Potamogeton crispus
Vallisneria natans
1992 Potamogeton pectinatus 5.28 [37]
Myriophyllum spicatum
Chara sp.

Used a professional submersed rake
to take 86 random samples.

Potamogeton pectinatus

2010 Myriophyllum spicatum

0.73 [38] Used a professional submersed rake
to take 80 random samples.

Potamogeton pectinatus
2018 Lemna minor 0.38 . Used sample points and zone surveys
Zannichellia palustris ' to take 175 samples.

Chara sp.

9.6

9.4

9.2

9.0

| —e&— Transparency (m) ‘

Figure 2. The historical water quality data (A): pH; (B): transparency in Chenghai Lake from 1986 to 2018.
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Figure 3. Historical water quality data (A): NH3-N; (B): TP; and (C): TN in Chenghai Lake from 1986
to 2018.

2.4. Data Analyses

The variation in aquatic plant diversity and water quality from 1980 to 2018 was analyzed. Of the
175 quadrats, 25 were vegetated, and 150 were unvegetated. In 2018, redundancy analysis (RDA)
was used to analyze the relationships between the different vegetation types (coverage, biomass) and
abiotic water characteristics I: temperature (T), conductivity (C), dissolved oxygen (DO), total dissolved
solids (TDS), pH, transparency, salinity (Sal), suspended solids (SS), oxidation-reduction potential
(ORP), water depth (WD), turbidity (Turb), and chlorophyll-a; II: Cr, Ca, Zn, Cu, As, Na, Mg, and K;
III: F~, SO4%~, Br—, PO43~, NO3~, and CI~; IV: Total organic carbon (TOC), chemical oxygen demand
(COD), CaO, NHy4-N, total dissolved phosphorus (TDP), total phosphorus (TP), total nitrogen (TN),
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and total dissolved nitrogen (TDN). RDAs were performed using the package “vegan” in R 3.4.2.
We performed a standardized transformation of species data. Detrended correspondence analysis
(DCA) was used to determine the RDA model. Variance inflation factor (Vif) analysis was applied
to remove collinearity factors and gradually remove environmental factors (Vif > 10) from largest to
smallest until all environmental factor Vif values were less than 10. The most suitable RDA model for
the minimum AIC value was selected gradually by RDA. The result was plotted using “ggplot2” in R.

3. Results
3.1. Historical Data

3.1.1. Water Quality

Over the past 38 years, water transparency shows a downward trend, and the contents of TP
and TN in the water increased to 0.05-0.07 mg L™! and 0.8-1.0 mg L™}, respectively (Figures 2 and 3,
and Table 2).

3.1.2. Aquatic Macrophytes

The number of aquatic plant species over time was four (1980), five (1992), two (2010), and four
(2018). Submerged vegetation types were dominated by Vallisneria natans in 1980. After 12 years,
the dominant species were V. natans, Potamogeton crispus, and Potamogeton pectinatus, and the species
richness peaked in 1992 (Table 1). However, the coverage and diversity of aquatic species declined
sharply from 1992 to 2018. The survey found that new aquatic plants emerged (free-floating macrophytes:
Lemna minor; submerged macrophytes: Zannichellia palustris), and the dominant species in 2018 was
P. pectinatus (Table 1). The coverage of aquatic plants gradually declined between 1992 and 2018
(5.278-0.17 km?; Table 1). Thus, the composition and coverage of vegetation in the Chenghai Lake
samples changed during the 38-year study period.

3.2. The Relationship between Aquatic Species and Water Quality in 2018

The submerged macrophytes (P. pectinatus, L. minor, Chara sp., and Z. palustris) were significantly
affected by chlorophyll-a (r? = 0.2520; P = 0.046), NH,4-N (r? = 0.5151; P = 0.001), TDP (r*> = 0.2884;
P =0.021), TOC (r* = 0.3290; P = 0.01), F~ (¥ = 0.3710; P = 0.006), SO4>~ (r> = 0.3607; P = 0.01),
Ca (r? = 0.5480; P = 0.001), and K (r*> = 0.2811; P = 0.026) (Figures 4-7). The dominant macrophyte,
P. pectinatus, had a biomass that was positively related to transparency, WD, ORP, TDN, TN, PO,3",
Cl7,NO37, and Cr, and the coverage of P. pectinatus was positively related to temperature, TP, TOC, F,
and Na (Figures 4-7). In contrast, the companion Chara species was positively related to C, TDS, pH,
DO, TDP, SO42~, NO3~, As, K, and Mg (Figures 4-7).
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Table 2. The water quality of Chenghai Lake in 2018.

7 of 15

Ca2+ K2+ Mg2+ Na2+ Cu?* 7Zn2+ As2t Cd?+ Cr2+
Metal
Cations (mg/L) (mg/L) (mg/L) (mg/L) (1g/L) (ug/L) (1g/L) (1g/L) (ug/L)
9.19 £0.27 11.35 + 0.08 49.44 +0.29 222.68 +£1.99 1.22 £0.19 435+19 13.09 £ 0.5 0.05 £ 0.01 26.36 +2.19
Nutrient NH;-N TP TDP COD CaO TN TDN TOC
rien
aie (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
0.22 +0.07 0.09 +0.01 0.06 +0.01 29.41 +5.94 412.37 +£2.32 0.92 +0.08 0.58 +0.1 24.92 +0.99
F Cl- 50,2~ Br~ PO, NO3-
Anions (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
2.58 + 0.66 26.1 + 0.41 14.77 +£1.35 1.18 +0.01 0.01+0 0.34 +0.03
T DO C TDS SAL H TURB SS Chlorophyll a
(C) (mg/L) (mg/L) (mg/L) P (mg/L) (mg/L) (mg/L)
Other Values 24.14 +£0.91 7.67 £2.23 1232.56 +£110.98  1416.24 + 2098.27 0.64 + 0.02 9.64 +0.12 32.68 +£36.73  30.08 +24.43  62.13 +31.81
ORP Transparency
(mV) (m)
83.69 + 35.15 1.01 £ 0.16
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Figure 5. RDA ordination diagram of the relationship between aquatic species and heavy metals in
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Chenghai Lake.
4. Discussion

4.1. The Relationship between Habitat Conditions and Aquatic Plant Species Richness

Some experimental results indicate that the distribution and abundance of aquatic macrophytes are
influenced by variations in environmental factors [11]. For example, the dominant species P. pectinatus
tolerates high salinity and pH, but it cannot adapt to acidic and nutrient-poor water [39]. In addition,
light conditions significantly affected the growth performance of P. pectinatus [40]. The light condition
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is affected by various factors, including water depth, the chlorophyll of phytoplankton, and inorganic
turbidity [11,41,42]. Thus, chlorophyll-a concentration can affect the light intensity penetrating the
water body and can thus impact the growth performance of submerged vegetation.

Aquatic plants or their communities can serve as indicators of the trophic status of their
habitat [11,43]. For example, Chara species are more typical in mesotrophic environments, Lemna
species are suited for highly eutrophic habitats, and P. pectinatus has a broad ecological range [44-46].
This survey found that NH*-N, TDP, SO,42~, Ca, and K significantly affected the coverage and biomass
of aquatic plants; this may be because high ammonium conditions can support the survival of
pollution-resistant species such as floating plants (Lemna) [47,48]. L. minor and Z. palustris require
medium to high phosphorus concentrations [46,49], and these plants are very widely used for
remediation of wastewater by constructed wetlands. In addition, aquatic plants can be limited by
micronutrients: For example, some aquatic plants show a nutrient response to base cations, especially
calcium [46,50], and may also be negatively sensitive to sulfate [51].

Competition can affect the relative abundance of species and distribution within communities.
There existed competition and coexistence between P. pectinatus and its main companion species
in Chenghai Lake. For example, P. pectinatus (98% coverage of Chenghai Lake) may be a better
competitor for light [52] because of its rapid growth and ability to form a canopy of leaves near the
water surface [7,53].

Thus, the structure of aquatic plant communities is affected by the life-history traits of the
component species and their tolerance of environmental conditions, such as stress, disturbance,
and competition. As aquatic plants show a high level of ecological plasticity in their responses to
variations in environmental factors, many species of aquatic plants are poor indicators of specific
habitat conditions.

4.2. The Mechanism of Aquatic Vegetation Succession

The intermediate disturbance hypothesis, which postulates that coexistence and/or biodiversity
peak as a result of intermediate disturbance regimes [28], can be applied to plant succession [25].
The relationships between succession dynamics and species richness change dynamically over
time [54,55]. Comparing historical data, we found that a peak in species richness occurred at an
intermediate stage of development from 1980 to 1992 (Figure 3). This is probably because of the
intermediate levels of disturbance to aquatic plants in Chenghai Lake [35,37]. Previous studies of plant
communities have suggested that (I) after a low level of disturbance, plant species with the ability to
be highly competitive become the dominant species; (II) after a high level of disturbance, the surviving
species have a strong resistance or the capacity to rapidly colonize; (III) after intermediate levels of
disturbance, more species may coexist because there is lower competition [15,28,56,57]. The mechanism
described by the IDH is based on patch dynamics [55]. For example, species can easily access disturbed
patches when there is low dispersal between habitat patches; thus, disturbances may have a negative
effect on species richness [25]. In contrast, habitats with high connectivity can prompt species to
recolonize disturbed patches from adjacent undisturbed ecosystems. Consequently [58], as a promoter
of species coexistence, high connectivity can accelerate the increase in species richness [25,54].

After the initial stage of vegetation succession (1980-1992), the aquatic community with high plant
species diversity had formed (Figure 8). However, after 26 years of secondary succession, the diversity
and distribution area of aquatic plants gradually declined (Table 1). First, according to the facilitation,
tolerance, and inhibition hypothesis, an established species or community (P. pectinatus; Myriophyllum
spicatum; Vallisneria natans; Potamogeton crispus; and Chara sp.) may alter habitat conditions so that
the habitats are less favorable for themselves and more suitable for the next group of aquatic plant
species [15,59]. Second, according to the resource and trait-based hypothesis, gradients of resources
or stresses in an ecosystem influence succession, and these gradients interact with species’ traits
to determine community changes [15,60,61]. The water quality of Chenghai Lake has gradually
deteriorated, especially water transparency (Figures 2 and 3). As a result, P. pectinatus survived,
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and the new free-floating species of L. minor emerged in the community. This is probably because
increasing turbidity can lead to the disappearance of macrophytes [62-64], and P. pectinatus can tolerate
changes in turbidity because they are able to overcome increasing turbidity by various mechanisms [65].
The facilitation model may apply to the early-succession aquatic plant species L. minor, which can
modify an aquatic habitat so that it is more suitable for later-succession aquatic plant species to
invade and grow to maturity [59], especially floating life-form aquatic plants that can adapt to low

water transparency.
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The competition relationship between aquatic vegetation may cause changes in species diversity
because the competition pressure on plants can alter the succession process [66]. For example,
the stronger interspecific competitive effect of P. pectinatus on Myriophyllum exalbescens inhibited plant
growth [53], and P. pectinatus appears to be a stronger competitor than Chara in turbid water [65].
P. pectinatus most often appears in temperate shallow lakes with reduced external nutrient loading,
and it dominates during the intermediate stage of vegetation succession [67]. We deduced that the
competitiveness of P. pectinatus and its high resistance to environmental change allowed it to gradually
become the dominant species in Chenghai Lake. In addition, aquatic plants often suffer from herbivory
pressure by snails, fish, and waterfowl, and this affects their abundance and the composition of
communities [68]. We hypothesize that the vigorous development of aquaculture (fish production
increased from 523.4 tons in 1986 to 2000 tons in 2009) may lead to accelerated eutrophication. Thus,
an increase of phytoplankton is resulting in decline of transparency, and finally, influencing the species
richness and composition of macrophyte communities.

5. Conclusions

Lakes are incredibly important freshwater resources [69]. At present, most of the lakes in the
world are suffering from disturbances due to industrialization, economic growth, and human activities.
In this study, we found that with the continuous input of lake nutrients, the growth performance
and diversity of aquatic plants was significantly affected in Chenghai Lake, especially during its
transition period from a mesotrophic lake to a eutrophic lake. However, the results also suggest that the
frequency and intensity of disturbances may significantly affect vegetation composition and succession
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in different ways. Further research is required to clarify the interacting effects of different types of
disturbances on species richness succession in both space and time.
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Abbreviations

SP.1 cov and SP.1 bio = the coverage and biomass of Potamogeton pectinatus;
SP.2 cov and SP.2 bio = the coverage and biomass of Chara sp.;

SP.3 cov and SP.3 bio = the coverage and biomass of Lemna minor;

SP.4 cov and SP.4 bio = the coverage and biomass of Zannichellia palustris;

Chl.a = chlorophyll-a; TURB = turbidity;

WD = water depth; ORP = oxidation-reduction potential;

SS = suspended solids; T = temperature;

DO = dissolved oxygen; C = conductivity;

pH = potential of hydrogen; Tran. = transparency;

TDS = total dissolved solids; SAL = salinity.

TDN = total dissolved nitrogen; TN = total nitrogen;

TP = total phosphorus; TDP = total dissolved phosphorus;
COD = chemical oxygen demand; TOC = total organic carbon.
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