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Abstract: Water level fluctuation (WLF) has a significant effect on aquatic macrophytes, but few ex-
perimental studies have examined the effect of WLF on submerged community succession, especially
from a large-scale perspective. In this study, field monitoring of WLF and submerged macrophytes
was conducted in Yilong Lake (SE China) over two years, and the impacts of WLF on the growth
characteristics and the community structure of submerged macrophytes were determined. The
results show that the biomass of submerged macrophytes decreased significantly after the water
level increased and submerged macrophytes could cope with the adverse environment by adjusting
their growth posture, for example, increasing plant length and reducing branch number. However,
different submerged plants have different regulatory abilities, which leads to a change in the com-
munity structure. Myriophyllum spicatum, Stuckenia pectinata, and Najas marina had better adaptation
abilities to WLF than Najas minor and Utricularia vulgaris. Changes in water depth, dissolved oxygen,
and transparency significantly contribute to the effect of WLF on submerged plant communities.
Therefore, when determining the range of WLF, the above three critical factors and submerged plant
species should be considered. WLF changed the spatial distribution of the aquatic plant community.
When water levels rose, the density of the submerged macrophyte community in the original growth
region reduced as the emergent plants migrated to shallower water, and the seed bank germination
was aided by transparent water produced among emergent plants. This can be used as a pioneering
measure to restore submerged plants in eutrophic lakes with low transparency. In addition, a suitable
water depth created by WLF was conducive to activating the seed bank and improving the diversity
of aquatic plants. Finally, a distribution map of aquatic plants in Yilong Lake is drawn.

Keywords: water level fluctuation; submerged macrophytes; growth characteristics; community
succession

1. Introduction

Disturbance is a common event in nature [1]. Many studies have shown that moderate
disturbance is conducive to maintaining species diversity, plant growth, and community
productivity [2,3]. However, when the intensity of disturbance exceeds a certain threshold,
the plant community is frequently harmed [4]. In recent years, due to the deterioration
of climate conditions, the increasing frequency of drought and flood, and aggravation of
the impact of anthropogenic activities, more than conventional-scale disturbances occur
frequently [5] and have a strong impact on terrestrial and aquatic plants. A number of
scholars have studied the effects of these disturbances on plant communities and individual
plants [5-7]. Some scholars have also studied the impact of hydrodynamics and other
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factors on the ecosystem [8], but little attention has been paid to the impact of water level
fluctuation (WLF) on the aquatic ecosystem. The aquatic ecosystem is unlikely to experience
severe conditions such as direct drought and flood, while WLF has significant influences on
the growth and community remodeling of aquatic plants [9]. Water level has been proven in
numerous studies to have a major impact on submerged macrophytes and floating-leaved
plants [10,11], and WLF has direct or indirect effects on the growth and physiological
characteristics of submerged macrophytes. For instance, scholars explored the response of
plant height, fresh weight, root length, and enzyme activity of submerged macrophytes to
WLF [10,12,13]. However, previous studies were mainly focus on small-scale water level
simulation experiments, and very few experimental studies have examined the effect of
WLF on the community structure of submerged macrophytes on a large scale, especially the
effect of WLF on the community structure of specific submerged macrophytes in plateau
lakes. Currently, WLFs driven by climate change are becoming increasingly common [14],
particularly in plateau lakes with water shortages, and increasingly artificial, remote water
replenishment measures are needed to ensure normal water levels in lakes. However, due
to the short-term and sudden WLF caused by water replenishment, sufficient research data
on the effect of submerged macrophyte communities in the whole lake are lacking.

This study is expected to provide references for the protection of submerged macro-
phytes in large-scale freshwater lakes. Furthermore, since WLF is a common hydrological
characteristic of rivers and lakes [15], its amplitude variation, frequency, and duration affect
the community stability and the composition of aquatic plant species [16]. Aquatic plants
gradually adjust to periodic WLF over time as part of the long-term process of species evo-
lution [17] and adopt their growth characteristics and community distribution periodically
to respond to WLE, whereas non-periodic WLF frequently inhibits aquatic plant growth
and reproduction. WLF directly affects the growth and reproduction of aquatic plants
or indirectly affects aquatic plants by changing transparency, nutrients, gases, and other
environmental factors [18]. Thus, WLF is one of the main environmental factors affecting
the aquatic plant community. Studies have also shown that the degradation of aquatic
plants is closely related to water eutrophication [19], water ecosystem imbalance, excessive
human intervention, and water depth gradient [20,21]. However, WLF is a complex process
that changes an aquatic plant’s growth conditions by changing water depth, underwater
irradiance, water quality, and dissolved oxygen conditions [22]. Therefore, compared with
the study of small-scale environmental factors, exploring the effect of WLF on a submerged
macrophyte community in a whole lake is more beneficial to the formulation of submerged
macrophyte protection strategies.

To study the response characteristics of submerged plants to WLF, the growth char-
acteristics of submerged macrophytes, including plant length, biomass, coverage, and
branch number, were monitored during high and low water levels. Meanwhile, to assess
the succession of aquatic plant communities under WLF, we monitored the community
distribution of submerged macrophytes and emergent plants in two periods. The main
objectives of this study are: (1) to determine the characteristics and potential mechanism of
the effect of WLF on submerged macrophytes on a larger scale in Yilong Lake in SE China;
(2) based on mastering the characteristics of the effect of WLF, to formulate a protection
strategy of aquatic macrophytes based on water level management; and (3) to help us
understand better the current situation of the aquatic plant system in Yilong Lake and
make up for the lack of research data since 1980 (no systematic statistical data from research
on submerged plants in Yilong Lake exist from 1980 to 2013).

2. Materials and Methods
2.1. Introduction to Yilong Lake

Yilong Lake (102°31'5.23", 23°42'5.56", the water area: 39 km?) is one of the nine
plateau lakes in Yunnan Province, China. Yilong Lake is a famous grass-type lake in its
original state, with Vallisneria natans and Ottelia acuminata as the dominant submerged
macrophytes. In recent years, with the continuous accumulation of pollutants around
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the lake and the continuous decline in water level, the submerged macrophytes have
declined within a large area, and the dominant community of submerged macrophytes has
also fluctuated significantly, with Stuckenia pectinata and Myriophyllum spicatum becoming
dominant species. At present, Yilong Lake is shifting from a grass lake to an algal lake, and
the water environment conditions of the East and West Lakes are quite different. (Yilong
Lake is divided into eastern and western parts by a raised lake bottom in the center. For
the convenience of description, this paper calls them the East Lake and the West Lake.)
According to historical statistics, Yilong Lake’s water level remained stable between 2000
and 2009. However, the water level has declined, due to overuse for agricultural water and
reduced rainfall since 2010. In August 2013, the water level dropped to the lowest level in
15 years (1410.50 m), and the water area was severely reduced (from 30 km? to 16 km?). In
June 2014, the Yilong Lake administration used remote water replenishment to elevate the
lake level to 1412.00 m (Figure 1).

1412.5

Water level (m)

Figure 1. Time-course of the water level statistics of Yilong Lake during the investigation.

2.2. Sampling Method

The effect of WLF on the growth characteristics and community structure of sub-
merged macrophytes was studied in 16 sampling stations distributed evenly throughout
the lake (Figure 2). Aquatic plants in each station were sampled monthly in low water
level (August 2013 to June 2014) and high water level (July 2014 to August 2015) periods.
The Braun-Blanquet approach was applied as the standard sampling procedure, with a
1 m? sampling area and 10 parallel groups in each sampling station. The aboveground
parts of aquatic plants were collected by a grass collector [23] and washed with pure water;
the number of species, biomass, coverage, plant length, and branches were counted. The
effect of WLF on the succession of aquatic plant community structure was monitored twice,
once in a low water level period (March 2014) and again in a high water level period
(March 2015). Aquatic plant sampling and monitoring procedures were carried out for the
entire lake using a boat, and the species and distribution of aquatic plants were recorded to
map the land covers. Figure 2 shows the round-lake route, with a sampling station shown
every 100 m and the GPS coordinates of the sampling stations recorded.



Water 2021, 13, 2900

40f12

23°43
|

23°41
)

23°39
)

1 1 1 1 1 1 | 1 1
102°30 102°32 102°34 102°36 102°38

Figure 2. The distribution of sampling sites in Yilong Lake.

2.3. Data Analysis

The statistical analysis and graph plotting were performed using SPSS 19.0 and Origin
8.0. All data were tested for normality and homogeneity before analyses. Significant
difference analyses with the plant length, biomass, branch number, coverage, and species
number of submerged plants were conducted in high and low water levels (the ANOVA
method with a significance level of 0.05). The ArcGIS (Version 10.5) was applied to produce
a distribution map of aquatic plants.

3. Results

3.1. The Effect of WLF on Growth Characteristics and Community Structure of Submerged
Macrophytes in Yilong Lake

3.1.1. The Influence of WLF on the Species and Coverage of Submerged Macrophytes

As illustrated in Figure 3, four nearshore shallow water stations (St1, 5t5, St9, and St13)
experienced a substantial rise in species numbers (p < 0.05), while other sites saw a decline
to varying degrees. The East and West Lakes showed different patterns, with the West
Lake having a slightly decreased species number and the East Lake having a significant
reduction (p < 0.05). In the shallow water of the West Lake, Myriophyllum spicatum and
Stuckenia specinata appeared at many sampling points, but Najas marina growing in the
East Lake area was significantly reduced. The difference is attributed to the increasing
transparency of West Lake and decreased inhibition of submerged macrophytes by rising
water levels. Furthermore, coverage is a crucial indicator for measuring the growth of
submerged macrophytes. The coverage of four sampling stations (St1, St5, St9, and St13) in
shallow water with high transparency increased (p > 0.05), while coverage of the remaining
12 stations decreased to varying degrees. Based on the location distribution of the sampling
stations, the West Lake’s coverage declined by significantly less than that of the East Lake,
which was caused by the large-scale reduction in Najas marina in the East Lake area. From
a water depth perspective, the results indicate that as water depth increases, coverage
declines more rapidly. In general, the transparency of the West Lake area was high, and the
inhibition effect of WLF on submerged macrophytes was not significant. However, due
to the low transparency in the East Lake, the inhibition effect of WLF on species numbers
and coverage was significant. Specifically, in the low water level period, the depth of the
shallow area is only 40 cm; thus, when the water level increased, the water depth was
suitable in areas with high transparency, and the coverage and species numbers of the
submerged macrophytes increased at several stations, including St1, St5, St9, and St13 on
the lake’s south bank. In contrast, due to the low transparency of the lake’s north bank, the
species number and coverage decreased in different ranges, indicating that when the water
level increased, a proper water depth was established in places with high transparency.
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Figure 3. The species and coverage of submerged macrophytes at different water levels. (a) St1-5t8
Species number; (b) St9-5t16 Species number; (c) St1-S5t8 Coverage; (d) St9-St16 Coverage.

3.1.2. The Influence of WLF on the Growth Characteristics of Submerged Macrophytes

Water level has a strong driving effect on the plant length of submerged macrophytes
and has a considerable inhibitory effect on branch number (Figure 4). The plant lengths of
five submerged macrophytes increased by varied degrees when the water level increased.
The plant lengths of Utricularia vulgaris and Najas minor grew less (p > 0.05), while the plant
lengths of Najas marina, Myriophyllum spicatum, and Stuckenia pectinata grew significantly
(p < 0.05). The plant length of Stuckenia pectinata increased from 95.2 cm to 152 cm; that of
Muyriophyllum spicatum increased from 81.3 cm to 93.5 cm; and that of Najas marina increased
from 48.2 cm to 89.2 cm. The branch number of five submerged macrophytes decreased as
water level rose, which is in contrast with the trend in plant length. Because the branches
of Najas minor and Utricularia vulgaris are better adapted to surviving in shallow water,
their branch numbers decreased especially dramatically (p < 0.05). In contrast, the branch
numbers of Najas marina, Myriophyllum spicatum, and Stuckenia pectinata fell insignificantly
(p > 0.05); that of Najas minor decreased from 13.4 to 6.8, and that of Myriophyllum spicatum
decreased from 5.9 to 5.4. The biomass of submerged macrophytes decreased after the
water level increased, and the amount of biomass was reduced more in deeper waters.
Overall, the East Lake’s biomass loss was substantially higher than that of the West Lake
(p < 0.05). The decrease in biomass indicates that WLF restricts the growth of submerged
macrophytes and that submerged macrophytes adapt to their new habitat by reducing the
number of branches and by increasing plant length as the water level rises.
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Figure 4. The influence of water level fluctuation on the growth characteristics of submerged
macrophytes: (a) branch number; (b) plant length; (c) biomass (low water level before June 2014 and
high water level after June 2014).

3.2. The Influence of WLF on the Succession of Submerged Macrophytes

According to the coverage of submerged macrophytes and emergent plants during
high and low water levels, water level played a critical role in the succession of aquatic plant
communities in Yilong Lake (Figure 5). The average coverage of submerged macrophytes
was approximately 80.25% in low water levels and 60.85% in high water levels (p < 0.05).
The increase in water level had no significant effect on the emergent plants (p > 0.05), and
their average coverage decreased from 20.13% to 17.5%. The coverage of submerged plants
was relatively high during the low water level period, with 12 sampling stations ranging
from 56.3% to 98.2%, while the coverage of submerged macrophytes at six sampling stations
ranged from 20.3% to 48.1% during high water level periods, indicating that the coverage
decreased as the water level increased. Moreover, the coverage of emergent plants had
the same changing trend, but the effect of WLF on the community was not significant.
The effect of water levels on emergent plant communities mainly distributed in shallow
water was not significant, while submerged macrophytes that were sensitive to water
depth and transparency were impacted significantly. Overall, WLF promoted the spatial
distribution of submerged macrophytes and emergent plants in the lake and then triggered
the succession of aquatic plant communities in the whole lake.

Despite the fact that the coverage of submerged plants and emergent plants decreased
as the water level increased, the plant distribution map (Figure 6) shows that submerged
plants occupied the living space of original emergent plants after the increase in water level,
resulting in the overall migration of submerged plant and emergent plant communities to
the lakeshore zone. As the water depth gradient increased in the West Lake, the former
suitable stand areas of Najas minor and Utricularia vulgaris gradually became Stuckenia
pectinata and Myriophyllum spicatum communities. Furthermore, as a result of rising water
levels in the East Lake, the low transparency also resulted in an increase in the lake bottom
desertification area.
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Figure 5. The influence of water level on the succession of submerged and emergent macrophytes.
IwSC stands for low water level submerged macrophyte coverage; IWEC stands for low water level
emergent plant coverage; hwSC stands for high water level submerged macrophyte coverage; hwEC
stands for high water level emergent plant coverage.
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4. Discussion

WLF is a crucial hydrological phenomenon in natural waters. It is also a significant
ecological component impacting aquatic plant growth, reproduction, species diversity, and
community organization [24-26]. In the long-term process of natural evolution, aquatic
plants have formed a series of self-regulation mechanisms to adapt to the changing water
environment. Many studies have shown that WLF is one of the main driving forces for
the spatial distribution of aquatic plants, primary productivity, community composition,
species richness [27-29], and biodiversity [30]. However, the majority of studies have
focused on the effects of WLF on a specific type of submerged macrophyte via laboratory
or small-scale simulation experiments, with few focusing on the implications for the
community structure succession across the entire lake. The effect of WLF on the community
of submerged plants in plateau lakes is still a rarity in studies. As a vital plateau freshwater
lake in China, research on aquatic plants in Yilong Lake has been sparse since 1980, and
this paper is expected to provide valuable research data. The study results show that WLF
has a significant effect on the species numbers and coverage of submerged plants. With the
rise in water level, the species numbers in other areas decreased to varying degrees, except
for the shallow water of West Lake, which indicates that the increase in water depth had a
significant inhibitory effect on some species of submerged plants. A large number of Najas
minor and Utricularia vulgaris that initially grew in the shallow water declined after the
water level rose, even though the transparency of the area could still provide sufficient light
conditions for these aquatic plants. Due to the high transparency of the West Lake coastal
zone (water depth less than 40 cm), the seed bank in the sediment was able to germinate
after the water level rose [31], resulting in a considerable rise in the species number of the
submerged plants. However, even with the same water depth, species numbers continued
to decline in the East Lake, due to insufficient transparency. This suggests that we can
use the method of controlling water levels to activate the seed bank in order to realize the
community restoration of submerged plants [32].

Coverage is an essential indicator of a submerged plant community. With an elevation
in water level, the coverage of submerged macrophytes for the entire lake showed the same
trend as for species numbers. The coverage increased at four monitoring stations in the
shallow water of West Lake, and it was decreased at the other sampling stations. This was
mainly caused by submerged plants adjusting their growth posture and parts of submerged
plants decaying under the stress of low water levels. Water depth is the primary factor
in determining the species numbers and coverage. At the same time, the available light
energy underwater is an important factor in determining the growth, reproduction, and
community structure of submerged plants [33]. Transparency determines the intensity of
the light available underwater. According to the response of submerged plant communities
to WLF in the East and West Lakes, transparency is the second most important factor that
affects the growth and distribution of submerged plants.

Although growth is generally inhibited, most submerged plants can germinate and
grow when the water level is at an inappropriate level, because they can adapt their growth
posture, material distribution, and enzyme activity to the new environment. Myriophyllum
spicatum and Stuckenia pectinata usually receive more light by rapidly booming, increasing
their plant length to adapt to the high water level [30]. In this study, as the water level rose,
the plant lengths of five submerged macrophytes grew rapidly to ensure self-survival and
community stability. However, the capacity for self-adjustment is limited, and submerged
macrophytes die if the environmental changes exceed their ability to respond. They can
achieve an optimal growth state by growing fast in plant length to reach the water surface
and to absorb more light, selectively limiting the number of branches and reducing their
level of energy consumption for respiration. This is considered an effective strategy for
aquatic plants to survive in low-light and harsh environmental conditions [34] and is a
survival mechanism of submerged plants to resist WLF-induced environmental stress.
While collecting samples, we observed a large number of Stuckenia pectinata and Myriophyl-
lum spicatum with root rot in the deep waters of the East Lake. When compared with the
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environmental factors of West Lake at the same water depth, dissolved oxygen (Figure S5)
in the bottom layer was found to be the most different environmental factor. Therefore,
even if submerged plants receive sufficient light by growing in plant length, insufficient
dissolved oxygen still inhibits their growth [35] and is another important factor influencing
submerged macrophytes. Therefore, the change in dissolved oxygen caused by WLF is
another important factor influencing submerged macrophytes. Various submerged plants
adapt to different water depths [36]. When the water level exceeds the optimal livable
range of submerged plants, their transport capacity for nutrients and oxygen is limited and
their enzyme activity is aberrant, resulting in submerged plant growth suppression and
even death [37,38]. In this study, although the submerged plants adapted to the new water
level environment by growing in plant length, the biomass in the entire lake decreased
significantly, which indicated that the fluctuation range of the water level deviated from
the most suitable water level, resulting in the inhibition of growth. This is similar to the
dramatic decline in biomass and density of submerged plants such as Vallisneria natans and
Potamogeton wrightii caused by the 1998 Poyang Lake flood [39].

According to the response characteristics of species number, coverage, plant length,
biomass, branch number, and other indicators to WLEF, the key factor that inhibits the
growth of submerged macrophytes in the shallow area of the East Lake is low-light con-
ditions. In the deepwater areas of the East Lake, the key factors are low light and low
dissolved oxygen. In general, WLF causes a shift in water depth, which changes the light
conditions, dissolved oxygen, and other environmental parameters, influencing the growth
and community stability of submerged macrophytes. As a result, monitoring changes in
water depth caused by WLF becomes more critical and manageable as decision-makers
employ appropriate management strategies to handle WLF issues. The effect of WLF on a
multi-species submerged macrophyte community is complex, and the effect on each sub-
merged macrophyte is different. The centrifugal organization model of species distribution
proposed by Keddy [40] is based on the belief that when the species selection for water
level is consistent, the species with the most appropriate water level predominates in the
center and other species are arranged in gradient. Thus, a new competitive relationship
emerges among submerged plant species, changing the initial competitive balance and
promoting the emergence of new dominating species. In contrast, other submerged plant
species experienced declines or even extinctions as a result of such a competitive pres-
sure. In our study, Myriophyllum spicatum, Stuckenia pectinata, and Najas marina adapted
to WLF by rapidly growing in plant length as the water level increased and transparency
reduced. However, submerged macrophytes such as Najas minor and Utricularia vulgaris
are unable to rapidly grow in plant length, putting them at a disadvantage in the new
species competition environment. Furthermore, because submerged plants such as Myrio-
phyllum spicatum rapidly occupied the upper layers of the water, a shortage of light was
present in the bottom layer, giving plants an advantage in the competition. The submerged
macrophytes in the bottom layer were inhibited or partially died, resulting in a reduction
in species number, biomass, and coverage. WLF can be seen to have an influence on the
submerged macrophyte community via adaptive adjustment and interspecific competition.
To determine the range of WLF for future protection of submerged plants, management
decisions on WLF should take into account the target submerged plant’s competitiveness
and self-regulation capacities.

The distribution of aquatic plant communities indicates that WLF has a significant
impact on the aquatic plant community in Yilong Lake. Emergent plants such as Phragmites
communis and Typha orientalis were the main dominant species in shallow waters at low
water levels. When water levels rose, the growth and diffusion of plant communities were
inhibited in their original areas [41,42], and they moved upward along the water’s shoreline
to meet increasing demands for light and water depth. The reduction in biomass and
density of Phragmites communis and other emergent plants under high water levels creates
the primary conditions for germination of the submerged macrophyte seed bank [43],
resulting in a significant increase in the species numbers of submerged macrophytes in
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shallow water. An analysis of the data from all sampling stations indicated that the
declining number of submerged macrophyte species in the deepwater area was a result
of rising water levels and the fact that plants not tolerant of deep waters (such as Najas
minor and Utricularia vulgaris) became extinct, that Myriophyllum spicatum and Stuckenia
pectinata became new dominant species, and that Najas marina spread into the transitional
zone. Before the water level rose, Najas minor and Utricularia vulgaris were the dominant
species in the shallow waters. With the water level increase, Najas marina and Myriophyllum
spicatum became companion species, and a succession of Myriophyllum spicatum and Najas
marina to the original shallow water was promoted by WLF, which led to an increase
in the biodiversity of submerged macrophytes. Geest [44] found that appropriate WLF
is favorable in boosting biodiversity, in a study of 215 lakes in the Netherlands. After
researching 21 lakes in New Zealand, Riis [45] found that WLF close to 1 m is most
conducive to promoting species diversity; however, our study does not support this
conclusion. When considering the most suitable WLEF, decision-makers should consider the
water transparency, dissolved oxygen, and specific submerged macrophyte species. In this
study, WLF promoted the overall area of aquatic plant distribution, but the total biomass
of submerged plants was reduced, which indicated that the artificial regulation of water
levels was contrary to the original purpose of submerged plant restoration.

5. Conclusions

To study the effect of WLF on the community structure of submerged plants, the WLF
and submerged plants in Yilong Lake were monitored over two years. According to the
obtained results, several conclusions can be drawn:

1. WLF has a significant effect on the submerged macrophyte community in Yilong Lake.
Submerged macrophyte species numbers, biomass, and coverage all respond to the
WLEF to varying degrees. The species numbers, biomass, and coverage of submerged
plants decreased as water level increased in deep and shallow water areas with low
transparency. However, the species numbers increased in the shallow water area with
high transparency, indicating that controlling the WLF range could be used to activate
seed banks in lakes with abundant submerged plant seed banks in order to restore a
submerged plant community.

2. Changes in water environment factors drive the succession of submerged macrophyte
communities, and competition among species in the new environment is also an
essential factor in promoting submerged macrophyte community succession. The
increase in water level has inhibitory impacts on Najas minor and Utricularia vulgaris,
while Myriophyllum spicatum, Stuckenia pectinata, and Najas marina are more adaptable
to increased water levels.

3.  The most suitable range of WLF is determined by the water depth, transparency,
dissolved oxygen, species of submerged macrophytes, and other environmental
factors which are directly changed by changing water depth. Therefore, paying
attention to the change in water depth is a more direct and effective management
method in the management of WLE.

4. WLF reshaped the spatial distribution of aquatic plant communities in Yilong Lake
and relocated submerged macrophytes to deeper waters. The growth density of
emergent plant communities in the original growth area decreased, and a proper
transparent environment was created among emergent plants, which created condi-
tions for the germination of a submerged plant seed bank. This could be a pioneering
technology for the restoration of submerged plant communities in eutrophic lakes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13202900/s1, Figure S1: Water depth of Yilong lake during low water level period, Figure S2:
Water depth of Yilong lake during high water level period, Figure S3: The dividing line between
the East and west of Yilong Lake, Figure S4: Water transparency during the study period, Figure S5:
Dissolved oxygen during the study period.
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