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Abstract: Although the effects of human disturbance on population genetic variation in
plants have been widely studied, little attention has been paid to the impact of environ-
mental changes on genetic dynamics after the implementation of conservation measures.
Previously, freshwater Caohai Lake, famous for its abundant aquatic plants and birds,
was strongly disturbed by tourism and other human activities; however, strict protective
measures have been implemented since 2019. Therefore, the lake provides a suitable natural
sampling ecosystem for investigating genetic variation changes following the implementa-
tion of conservation measures. Samples of cosmopolitan aquatic Ceratophyllum demersum
were collected in 2019 and 2021, and they were analyzed using microsatellite primers. Our
results show the presence of considerable genetic diversity in the C. demersum Caohai pop-
ulation. Although human disturbance decreased, the impact of natural disturbances, such
as water flow and bird activities, persisted and may have increased. For C. demersum, water
flow may cause vegetative propagules of different genotypes to pool in the downstream
area of the lake. At sites with a very rich diversity of birds, increasing bird activities may
augment the advantage of competitive clones in communities. Therefore, the continuous
monitoring of the population’s genetic variation and the impact of related environmental
factors is required for the efficient management of the lake ecosystem.

Keywords: aquatic plants; genetic diversity; clonal dynamics; lake conservation;
anthropogenic disturbance; microsatellite markers

1. Introduction
Although the effects of human disturbance on population genetic variation in plants

have been widely studied, little attention has been paid to the impact of environmental
changes on genetic dynamics after the implementation of conservation measures. In recent
decades, many freshwater lake ecosystems worldwide have been disturbed by human
activities, which have reduced their stability [1,2]. For the conservation of lakes and
the restoration of ecological functions, reducing human disturbance is a frequently used
measure and specifically includes reducing sewage emissions, prohibiting fishing, and
reducing boating and tourism activities on lakes [3–5]. The implementation of protective
measures may cause abrupt environmental changes in lake ecosystems. To determine
whether lake ecosystems will move toward becoming increasingly healthy, the responses
of critical components within the ecosystems need to be tracked and monitored. Aquatic
plants, especially submerged macrophytes, as important components of lake ecosystems,
will be able to recover and increase their populations. Submerged macrophytes play a key
role in aquatic food webs and biochemical cycles, and they provide both habitats for aquatic
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animals and multiple benefits for humans [6,7]. In order to maintain the ecological services
of lake ecosystems, the genetic variation in submerged macrophytes needs to be monitored
and effectively managed, as the resilience of ecosystems to changing environments increases
with genetic diversity [7–10].

Caohai Lake, famous for its abundant aquatic plants, is located on the Yunnan–Guizhou
Plateau, southwest China [11]. The rich resources of food and habitats attract more than
100,000 migratory birds, which rest or winter in the lake area every year [9,12,13]. The
beautiful scenery, comprising water, plants, and birds, attracts a large number of birdwatch-
ers and other tourists to the lake, reaching more than 10 million per year [3]. Thus, the
lake has been strongly disturbed by tourism, boating, fishing, and other human activities.
To conserve the lake ecosystem, the Caohai Nature Reserve has implemented stringent
protection measures since 2019, including a comprehensive ban on fishing activities, the
prohibition of fish farming practices, the closure of all tourist boat docks, the suspension
of boating tourism activities, the prohibition of visitors entering water areas, and a strict
ban on sewage discharge into the lake [14]. Therefore, Caohai Lake provides a suitable
natural sampling ecosystem for investigating the changes in genetic variation after the
implementation of conservation measures.

Ceratophyllum demersum L. is a cosmopolitan submerged macrophyte [15], dominant
in the communities of Caohai Lake [16,17]. This species is hydrophilous and inefficient in
terms of pollen dispersal via the aquatic medium; thus, it has low seed production [18].
However, even a small amount of successful sexual reproduction can have a non-negligible
impact on the genetic diversity and structure of the population [19], thereby affecting its
development. The sexual reproduction of water-mediated species is highly dependent on
aquatic environmental conditions, and it may be more sensitive to environmental changes
than that of non-hydrophilous plants [20]. Furthermore, this species has the ability to
tolerate pollution and disturbance, and it is frequently used in the restoration of polluted
waterbodies [21,22]; thus, its growth and distribution area are increasing [16]. C. demersum
has diverse modes of vegetative reproduction and dispersal, including shoot fragments,
turions, and rootless plants [23]. Vegetative propagules can migrate by flowing in water
and attaching externally to the bodies of waterbirds [24]. Thus, it is generally considered
that the dispersion of C. demersum mainly relies on vegetative propagules rather than on
pollen or seeds [9,25,26]. Recent studies on C. demersum in different spatially interconnected
aquatic habitats [9,26] have focused on the spatial variation in genetic diversity, and they
have confirmed that the main mode of propagule spread of this species is hydrochory.
However, more research into the temporal dynamics of genetic diversity is required. The
aim of this study was to assess how the genetic diversity of the C. demersum population
changes under conservation, which is important for predicting the development of the
population in changing environments.

2. Materials and Methods
2.1. Sample Collection

Shoot samples of Ceratophyllum demersum were collected from Caohai Lake
(26◦49′–26◦53′ N, 104◦12′–104◦18′ E). The lake is a plateau freshwater lake in a subtropical
monsoon climate, with a height of 2170.7 m above sea level, an average temperature of
10.4 ◦C, and an average annual rainfall of 950.9 mm [11]. The Caohai Reserve covers an
area of 96 km2. The water area of the lake is 25 km2, with an average water depth of 2.4 m
and a maximum depth of 5.0 m [11]. The precipitation from May to October accounts for
88% of the annual total, with the highest water level occurring in summer and the lowest
occurring in spring each year. In the last ten years, the trophic level of the lake water has
changed from mesotrophic to slightly eutrophic, the total nitrogen (TN) has increased from
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0.55 to 2.05 mg L−1 [14], and the Secchi depth has decreased from 0.55 to 0.44 m [27]. In
summer 2019, the first year that the strict prohibition of human activities was implemented,
we collected samples from five sites, covering wide areas of the lake. In summer 2021, we
planned to collect samples for the second time at the same five sites, but C. demersum plants
were only observed and collected at three of them. In fact, in this year, all submerged plants
in the lake experienced a decline [27]. In the following three years, few subpopulations
of C. demersum were observed [personal communication]. Therefore, we compared the
genetic variation at the three sites (subpopulations) where the samples were collected in
2019 and 2021 (Figure 1). Although the time scale is only two years, this study may provide
some exploratory guidance for subsequent studies. In particular, regarding the drivers of
the submerged plant decline in the lake, while existing research has examined water level
regulation [27], our results may provide novel insights into plant population genetics.

 

Figure 1. Map of sampling locations (1-WJY, 2-FYL, and 3-LLS) of Ceratophyllum demersum from
Caohai Lake on the Yunnan–Guizhou Plateau, southwest China, in 2019 and 2021.

The three sampling sites were located in the western half of the lake, as no visible
distribution of C. demersum was observed in the eastern part in 2021. At each site, we
recorded the latitude and longitude using GPS, measured the water depth, and collected
water samples to measure the total nitrogen (TN, alkaline potassium persulfate ultravio-
let spectrophotometry) and phosphorus (TP, ammonium molybdate spectrophotometry)
(Table 1). The 1-WJY subpopulation (local name “Wujiayan”) was located in the north-
western area adjacent to the only outlet river of the lake (Figure 1). At the 1-WJY site, the
water was relatively deep, boating activity was relatively frequent, and the bird population
was relatively low. The 2-FYL subpopulation (local name “Fuyelin”) was located at a
famous birdwatching site situated in the westernmost area of the lake, with a very rich
diversity of bird species in both winter and summer [28]. The 3-LLS subpopulation (local
name “Louluoshan”) was located in the southern area, which has a rich diversity of bird
species in winter but a lower diversity in summer. These latter two sites were in shallow
water and, thus, experienced rare boating activity. Since the year of the implementation of
strict protective measures (2019), many environmental factors have changed. For instance,
boating and fishing activities have almost ceased, tourists are prohibited from entering
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the water area of the lake, the water quality has decreased (the trophic level index ranged
from 48.1 in 2018 to 53.9 in 2021 [14]), and the bird population size has increased. The
spatial coverage of C. demersum was investigated at each sampling site. In areas with a
concentrated distribution, sampling was conducted with approximately 2.5 m intervals
between adjacent samples, aiming to collect about 30 samples. The sampling points were
preferentially arranged in a long transect pattern. If the initial transect yielded insufficient
samples, then additional parallel transects were established. Only one shoot was sampled
at each point. The shoot samples were desiccated with allochroic silica gel and stored until
DNA extraction.

Table 1. Water characteristics of sampling sites/subpopulations (1-WJY, 2-FYL, and 3-LLS) in
Caohai Lake.

Characteristic 2019 2021

1-WJY 2-FYL 3-LLS 1-WJY 2-FYL 3-LLS

Water depth (m) 1.2–2.0 <0.5 <0.8 1.3–2.1 <0.6 <0.9
TP in water (mg L−1) 0.092 0.101 0.097 0.095 0.099 0.096
TN in water (mg L−1) 1.067 1.367 1.384 1.301 1.660 1.598

2.2. DNA Extraction and PCR Amplification

The total genomic DNA of the dry shoot samples was extracted following a modified
cetyl-trimethyl ammonium bromide (CTAB) protocol [29]. We developed nine loci of
microsatellite (i.e., simple sequence repeats, SSRs) primers for C. demersum (Table S1) using
simplified genome sequencing at Tianyi Huiyuan Biotechnology Co., Ltd. (Wuhan, China).

The amplification of the microsatellites was completed in a 20 µL sample containing a
mix of Taq polymerase (0.1 U/µL), dATP, dCTP, dGTP, dTTP (0.4 mM each), and a buffer
(ComWin Biotech, Beijing, China). The amplification of reactions was completed in a C1000
Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) with the following thermal
profile: initial denaturation at 94 ◦C for 5 min, followed by 34 cycles of 30 s at 94 ◦C; 30 s at
the optimum annealing temperature; 45 s at 72 ◦C; and, for the final extension, 7 min at
72 ◦C. PCR products were analyzed by Tianyi Huiyuan Biotechnology Co., Ltd. (Wuhan,
China), and the length of the DNA fragments was determined using GeneMarker software
(version 1.3; SoftGenetics, State College, PA, USA).

2.3. Data Analysis

The allele data used were the DNA fragment lengths of the amplification products.
Using GenAlEx 6.5 [30], the following were examined: (1) the parameters of genetic
diversity, including the percentage of polymorphic loci (P), average number of different
alleles per locus (Na), total number of alleles across all loci (Nt), number of private alleles
(Np), observed heterozygosity (Ho), and unbiased expected heterozygosity (He); (2) the
frequency of private alleles for each subpopulation compared between the two years;
(3) pairwise subpopulation matrix of Nei unbiased genetic distance; (4) principal coordinate
analysis (PCoA) (all individuals studied were analyzed together); and (5) the estimated
gene flow (Nm, the theoretical number of migrants per generation) among subpopulations.
In addition, from SPAGeDi 1.5 [31], the rarefied allelic richness (Ar) was obtained.

Using GenoDive 3.06 [32] on a Mac (Apple Inc., Cupertino, CA, USA), clones were
assigned. Individuals (ramets) with the same multi-locus genotype (MLG) were treated
as clones (genet). The parameters of clonal diversity contained the number of MLGs (G)
and the effective number of MLGs (Ge). Then, we calculated the genotypic richness (R),
where R = (G − 1)/(N − 1), with N being the number of samples [33]. Additionally, the
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individual heterozygosity of each MLG was calculated (all homozygous loci were recorded
as 0, and all heterozygous loci were recorded as 9) [34].

Owo-way ANOVA tests and post hoc multiple comparisons (Duncan) were used to
analyze the differences in the diversity parameters (Na, Ar, Ho, and He) among the subpop-
ulations in each year. Independent sample t-tests were used to analyze the differences in
the diversity parameters between the two years for each subpopulation. When p < 0.05, the
differences were considered significant.

3. Results
3.1. Genetic Diversity

At the total population level, the genetic diversity of C. demersum in Caohai Lake
was almost unchanged (p > 0.05) from 2019 to 2021, based on the allelic parameters of
Na, Nt, and Ar (Table 2); however, at the ramet level, a weak increase was observed in
terms of the heterozygosity parameters (He: 0.452 in 2019 and 0.591 in 2021). Among
the three subpopulations, the 1-WJY subpopulation slightly increased in allelic diversity
from 2019 to 2021, but it somewhat decreased in heterozygosity. Both the 2-FYL and
3-LLS subpopulations weakly increased in heterozygosity at the ramet level. However, the
allelic parameters were maintained in the 2-FYL subpopulation but decreased significantly
(p < 0.05) in the 3-LLS subpopulation from 2019 to 2021. Among the three subpopulations,
2-FYL had the lowest genetic diversity (Na, Ar, and He) in each year.

When comparing the private alleles at each site between the two years, at the 1-WJY
site, we observed seven private alleles at six loci in 2021 but only one private allele at
one locus in 2019 (Tables 2 and 3). On the contrary, at the 3-LLS site, no private alleles were
found in 2021, but a large number (12 alleles at seven loci) were found in 2019. At the 2-FYL
site, private alleles were observed at most loci in each year: 9 and 10 private alleles in 2019
and 2021, respectively. Furthermore, the sum of the frequencies of private alleles at the
2-FYL site in each year was equal to 1 at each of three loci (CdL034, CdL042, and CdL093),
meaning that the alleles at these loci were completely different between the two years.

The individual heterozygosity of all MLGs ranged from 4 to 8 (out of 9 microsatellite
loci). The MLGs were divided into two classes: low (4–5 heterozygous loci) and high (6–8)
heterozygosity. At the 2-FYL and 3-LLS sites, the numbers of high-heterozygosity individu-
als were greater in 2021 than in 2019, while the opposite was true for low-heterozygosity
individuals (Figure 2). Correspondingly, at the two sites, the observed heterozygosity (Ho)
at the ramet level was greater in 2021 than in 2019 (Table 2). However, this was not the case
at the 1-WJY site.
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Table 2. Parameters of genetic and clonal diversity of Ceratophyllum demersum from Caohai Lake in 2019 and 2021.

Genetic Clonal

Allelic Ramet Level Genet Level

Subpopulation-Year N P (%) Na Nt Np Ar Ho He Ho He G Ge R

1-WJY-2019 a 28 88.9 3.000 B 27 1 2.98 B 0.645 A 0.527 A 0.640 A 0.597 B 7 3.7 0.222
1-WJY-2021 32 100 3.667 C 33 7 3.45 C 0.618 A 0.400 A 0.648 A 0.500 A 12 4.8 0.355
2-FYL-2019 32 77.8 1.778 A 16 9 1.75 A 0.587 A 0.319 A 0.587 A 0.354 A 7 3.5 0.194
2-FYL-2021 31 88.9 1.889 A 17 10 1.89 A 0.735 A 0.397 A 0.778 A 0.476 A 4 2.8 0.100
3-LLS-2019 32 100 3.889 C * 35 12 3.87 C * 0.614 A 0.472 A 0.676 A 0.640 B 9 2.4 0.258
3-LLS-2021 32 88.9 2.556 B 23 0 2.56 B 0.736 A 0.481 A 0.667 A 0.570 A 3 1.6 0.065

Average—2019 31 88.9 2.889
(1.060) b

26
(9.5)

7
(5.7)

2.87
(1.06)

0.615
(0.029)

0.440
(0.108)

0.634
(0.045)

0.531
(0.154)

7.7
(1.2)

3.2
(0.7)

0.225
(0.032)

Average—2021 32 92.6 2.704
(0.898)

24
(8.1)

6
(5.1)

2.63
(0.78)

0.696
(0.068)

0.426
(0.048)

0.697
(0.070)

0.515
(0.049)

6.3
(4.9)

3.1
(1.6)

0.174
(0.158)

Total population—2019 92 100 4.333 39 6 4.28 0.614 0.452 0.635 0.575 19 9.1 0.198
Total population—2021 95 100 4.222 38 4 4.17 0.697 0.591 0.679 0.581 17 7.5 0.170

N, sample size; P, percentage of polymorphic loci; Na, average number of different alleles per locus; Nt, total number of alleles across all loci; Np, number of private alleles between
the two years; Ar, rarefied allelic richness; Ho, observed heterozygosity; He, unbiased expected heterozygosity; G, number of multi-locus genotypes (MLGs); Ge, effective number of
MLGs; genotypic richness (R = (G − 1)/(N − 1)). The different capital letters after the numbers indicate significant differences (p < 0.05) among the subpopulations in each year. The
asterisks (*) indicate significant differences (p < 0.05) between the two years for each subpopulation. a The allele data of the three subpopulations in 2019 are used in Cao et al. [19], so the
parameter data of clonal diversity are cited from Cao et al. [19]. However, the parameters of genetic diversity are analyzed using different pieces of software (GenAlEx 6.5 in this study;
GenoDive 3.06 in Cao et al. [19]), hence the different values between the two studies. b The values in parentheses are the standard deviations (SDs) across the three subpopulations in
each year.
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Table 3. Private alleles (frequency in parentheses) in the sampled individuals of each subpopulation of Ceratophyllum demersum from Caohai Lake, compared
between 2019 and 2021.

Subpopulation

1-WJY 2-FYL 3-LLS

2019 2021 2019 2021 2019 2021 b

Locus Allele 1 Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2

CdL024 121 a (0.017) 125 (0.016) 127 (0.500) 119 (0.047) 127 (0.016)
CdL034 256 (0.500) 266 (0.500) 268 (1.000) 260 (0.047) 268 (0.016)
CdL041 155 (0.113) 163 (0.016)
CdL042 100 (0.031) 110 (0.047) 108 (1.000) 100 (0.500) 112 (0.500) 114 (0.016)
CdL060 140 (0.047) 185 (0.813) 203 (0.500)
CdL070 184 (0.047) 196 (0.500) 184 (0.500) 190 (0.016) 192 (0.047)
CdL077 269 (0.500) 253 (0.500)
CdL087 207 (0.018) 217 (0.016) 205 (0.047) 207 (0.031)
CdL093 212 (0.033) 234 (0.500) 236 (0.500) 212 (0.806) 246 (0.194) 164 (0.031) 250 (0.031)

a The allele data used were the DNA fragment lengths of the amplification products. b No private alleles were found in the 3-LLS subpopulation in the year 2021, so no values are shown
in this column.
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Figure 2. Individual heterozygosity (low, 4–5 heterozygous loci; high, 6–8 heterozygous loci) of MLGs
(genets) of Ceratophyllum demersum from three subpopulations (1-WJY, 2-FYL, and 3-LLS) of Caohai
Lake in 2019 and 2021.

3.2. Clonal Diversity

At the total population level, the clonal diversity of C. demersum exhibited little change
from 2019 (total G = 19; R = 0.198) to 2021 (total G = 17; R = 0.170) (Table 2). Among the
three subpopulations, 2-FYL and 3-LLS showed decreasing clonal diversities from 2019
to 2021. In contrast, the clonal diversity of the 1-WJY subpopulation increased within the
same period.

Considering all three subpopulations in the two years, four MLGs (clone codes 1–4)
were shared among the sites, and five MLGs (clone codes 1, 2, 4, 5, and 17) were shared
between the two years at the same sites (Figures 3 and 4). In 2021, the 2-FYL subpopulation
had only four MLGs, which were fewer in number than and genetically different from
those in 2019 (seven MLGs) (Table 2 and Figures 3–5). A similarly low number of MLGs
was observed in the 3-LLS subpopulation (three MLGs) in 2021. However, in the 3-LLS
subpopulation, all three MLGs in 2021 genetically included those in 2019 (nine MLGs). In
the 1-WJY subpopulation, three MLGs were shared between the two years; additionally,
the other nine MLGs in 2021 were genetically different from those in 2019.

The clone size (the number of ramets/clone replicates belonging to one MLG/genet)
was the greatest in the 3-LLS and 2-FYL subpopulations, being up to 20 and 15 ramets
(clone code 1), respectively, in 2019 and up to 25 (clone code 17) and 16 ramets (clone
code 26) in 2021 (Figure 3). However, at each of the two sites, the clones with the greatest
number of ramets were different between the two years. At the 1-WJY site, the clone size
was relatively smaller.
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Figure 3. Frequency distribution of clonal size of Ceratophyllum demersum from Caohai Lake in 2019 and 2021. Clonal size is represented by the number of ramets
(clone replicates) belonging to one MLG (clone or genet) at the subpopulation level. Subpopulation codes: W, 1-WJY; F, 2-FYL; L, 3-LLS. The numbers above the bars
are the number of ramets.
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Figure 4. The distribution of samples and genotypes of Ceratophyllum demersum at/in the three sites/subpopulations (1-WJY, 2-FYL, and 3-LLS) from Caohai Lake in
2019 and 2021. The distance between two adjacent small lines is 2.5 m. The number in each shape is the clone code of the multi-locus genotype (MLG). The MLGs
shared between years and/or subpopulations are shown in colorful pentagons. The MLGs unique to each subpopulation are shown in gray shapes. Circles, triangles,
squares, and pentagons indicate that the clone has 2, 3, 4, and more than 5 ramets/replicates, respectively; and black points indicate single-ramet MLGs.
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Figure 5. Scatter plots of principle coordinate analysis (PCoA) of MLGs (genets) of Ceratophyllum demersum from three subpopulations (1-WJY, 2-FYL, and 3-LLS)
from Caohai Lake in 2019 and 2021. The circles emphasize the MLGs shared between the two years.
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3.3. Genetic Distance and Estimated Gene Flow Among Subpopulations

In terms of the Nei unbiased genetic distance calculated from allele frequencies,
between the subpopulation pairs, the three subpopulations were more genetically distant
from each other in 2021 (with a genetic distance of 0.277–0.773) than in 2019 (0.012–0.060)
(Table 4). At each site, the genetic distance between the two years was the largest for 2-FYL
(0.847), moderate for 3-LLS (0.178), and the smallest for 1-WJY (0.034).

Table 4. Genetic distance between subpopulation pairs of Ceratophyllum demersum from Caohai Lake
in 2019 and 2021.

Subpopulation-Year 1-WJY-2019 2-FYL-2019 3-LLS-2019 1-WJY-2021 2-FYL-2021 3-LLS-2021

1-WJY-2019 0
2-FYL-2019 0.042 0
3-LLS-2019 0.060 0.012 0
1-WJY-2021 0.034 0
2-FYL-2021 0.847 0.773 0
3-LLS-2021 0.178 0.277 0.692 0

Among the subpopulations, the mean estimated gene flow (Nm) across all loci was
1.173 in 2021, which was much lower than that (9.767) in 2019 (Table 5). On a per locus
basis, the Nm values were lower in 2021 than in 2019 for eight out of nine loci.

Table 5. Estimated gene flow (Nm *) at each locus among subpopulations of Ceratophyllum demersum
from Caohai Lake in 2019 and 2021.

2019 2021

Locus Fis Fit Fst Nm Locus Fis Fit Fst Nm

CdL024 0.337 0.391 0.082 2.799 CdL024 −0.450 0.023 0.326 0.516
CdL034 −0.689 −0.631 0.035 6.962 CdL034 −0.941 0.005 0.487 0.263
CdL041 0.933 0.948 0.224 0.867 CdL041 0.134 0.184 0.058 4.090
CdL042 0.355 0.434 0.122 1.794 CdL042 −0.449 0.122 0.394 0.384
CdL060 0.094 0.159 0.071 3.249 CdL060 −0.653 −0.152 0.303 0.575
CdL070 −0.721 −0.678 0.025 9.799 CdL070 −0.806 −0.479 0.181 1.132
CdL077 −0.611 −0.569 0.026 9.190 CdL077 −0.794 −0.491 0.169 1.227
CdL087 −0.711 −0.702 0.006 43.733 CdL087 −0.726 −0.512 0.124 1.768
CdL093 −0.720 −0.676 0.026 9.510 CdL093 −0.630 −0.151 0.294 0.600
Mean
(SE)

−0.193
(0.210)

−0.147
(0.211)

0.069
(0.023)

9.767
(4.403)

Mean
(SE)

−0.591
(0.105)

−0.161
(0.091)

0.260
(0.046)

1.173
(0.398)

* Nm, theoretical number of migrants per generation; Nm = [(1/Fst) − 1]/4; Fis, inbreeding coefficient within
individuals; Fis = (mean He − mean Ho)/mean He; Fit = (Ht − mean Ho)/Ht; Fst, inbreeding coefficient within sub-
populations, providing a measure of the genetic differentiation among subpopulations; Fst = (Ht − mean He)/Ht;
Ho = observed heterozygosity; He = expected heterozygosity; Ht = total expected heterozygosity. Nm values
greater than one are presented in bold.

4. Discussion
4.1. Genetic and Clonal Diversity

Two years after the implementation of strict conservation measures at Caohai Lake
in 2019, the genetic and clonal diversity of the C. demersum population was primarily
maintained at the total population level, with a weak increase in heterogeneity (from
2019 to 2021: Ar, from 4.28 to 4.17; ramet He, from 0.452 to 0.591; R, from 0.198 to 0.170).
The constant diversity of C. demersum indicates that, overall, the population is resilient
to environmental changes, including reduced human activities of boating, fishing, and
birdwatching. Alternatively, the change in environments has not yet demonstrated a
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noticeable impact on the genetic aspects of the C. demersum population within the short
span of two years.

Compared with recent studies on C. demersum, it was found that the genetic diversity
of the Caohai population is higher than that of the river and connected oxbow populations
of this species in Hungary (total Ar, 2.905 and 3.611; total He, 0.436), detected by Engloner
et al. [9,26], who similarly used newly developed microsatellite primers. Moreover, the
spatial distance between the two adjacent samples was notably larger in the study con-
ducted by Engloner et al. [9,26] (at least 30 m) than in our study (about 2.5 m), thus further
indicating the high genetic diversity of C. demersum in Caohai Lake. The difference in
genetic diversity between the studies is presumably due to the different contributions of
sexual reproduction. Engloner et al. [9,26] observed a clear relationship between the genetic
diversity of populations and the hydrological types of the habitats, indicating mainly the
hydrochorous spread of vegetative propagules. In our previous study [19], we found
that sexual dispersal (mainly seeds for the hydrophilous species) contributed more than
vegetative dispersal in some C. demersum subpopulations in Caohai Lake. In addition,
the relatively high genetic diversity of C. demersum in Caohai Lake might benefit from
its natural aquatic communities having evolved over a long period of time. Compared
with other previous studies, the heterogeneity (He, 0.452–0.591) of the Caohai C. demersum
population is also higher than that of other populations detected using other molecular
techniques (Nei gene diversity, HS = 0.258, using the amplified fragment polymorphism
length (AFLP) [35]; mean genetic diversity within lake populations, HS = 0.169, using inter-
simple sequence repeat (ISSR) markers [36]). Therefore, our results indicate the presence of
considerable genetic diversity in the C. demersum population in Caohai Lake with abundant
aquatic plants.

However, among the three C. demersum subpopulations studied, there were different
change tendencies of genetic and clonal diversity with the temporal changes in envi-
ronments. Both the 2-FYL and 3-LLS subpopulations showed notably decreased clonal
diversity; moreover, the latter also showed significantly decreased allelic richness (Ar).
On the contrary, the 1-WJY subpopulation showed increased clonal diversity and allelic
richness. The similarities between the 2-FYL and 3-LLS sites are shallow water habitats and
abundant bird populations. Following the implementation of strict protective measures,
avian populations have increased significantly [13], with birdwatcher access to shallow-
water zones being prohibited. When human interference decreased at Caohai Lake, bird
activity (as a natural disturbance) increased [13], especially at the 2-FYL and 3-LLS sites,
which have large bird populations. Bird activities may enhance propagule dispersal. In
vigorous vegetative growth seasons, birds trample on and eat the shoots of C. demersum,
and, at the same time, shoot fragments can be produced and carried within subpopula-
tions [37]. It is possible that the most competitive clones have plenty of opportunities to be
spread by birds. The ramet number per MLG reached 20 (at the 3-LLS site) and 15 (at the
2-FYL site) in 2019, and reached 25 (at the 3-LLS site) and 16 (at the 2-FYL site) in 2021. The
environmental changes in human and bird activities may be associated with the dynamics
of genetic diversity. In subsequent studies, it is imperative to monitor the influences of
avian species and human activities on the dispersal of C. demersum propagules.

Nevertheless, the observed heterozygosity (Ho) at the ramet level in the 2-FYL and
3-LLS subpopulations of C. demersum did not decrease with the environmental changes,
which might be attributed to the increased frequency of high-heterozygosity individuals at
the microsatellite loci. In 2021, high-heterozygosity MLGs had more sampling individuals
than low-heterozygosity ones, with the opposite being found in 2019. Hämmerli and
Reusch [34] found that individual heterozygosity could predict the competitive superiority
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of clones. Therefore, environmental changes may facilitate high-heterozygosity clones in
exhibiting their competitive advantage over low-heterozygosity clones.

Different from the 2-FYL and 3-LLS subpopulations, the 1-WJY subpopulation demon-
strated increased clonal diversity and allelic richness to some extent when the environment
changed. A considerable number of MLGs and alleles detected in 2021 differed from those
detected in 2019 at this site. The difference between 1-WJY and the other two subpopula-
tions is that the 1-WJY subpopulation was located near the only outlet river of the lake,
where the persistent and single-directional water flow (as a natural mechanical disturbance)
may gather a large quantity of C. demersum propagules from all sides of the lake. Therefore,
in subsequent studies, it is necessary to monitor the impact of water flow on C. demersum
propagules. Previous studies have shown that hydrochory is a very important mode of
propagule spread for this species [9,19,26]. Diverse vegetative propagules, including shoot
fragments, turions, and rootless ramet plants, can float in the water column and be easily
spread [38].

4.2. Genetic Relationships

At the 2-FYL site, all four MLGs in 2021 were genetically different from those in 2019,
with a high frequency of private alleles in each year, a relatively large genetic distance
(0.847), and no shared MLGs between the two years. Different from the 2-FYL site, no
immigratory MLGs were observed at the 3-LLS site in 2021. All three MLGs of the 3-LLS
subpopulation in 2021, without private alleles, genetically included those in 2019 without
exception. The differences in environmental conditions between the 2-FYL and 3-LLS
sites include different bird populations. At the 2-FYL site, birds are very common both in
summer and winter, while at the 3-LLS site, birds are frequently observed in winter but less
so in summer [28]. Therefore, summer birds may have more opportunities for transporting
C. demersum fruits maturing in late summer and early autumn [15] from other areas to the
2-FYL site than to the 3-LLS site. Although the low seed production and long spines of C.
demersum fruits [15] seemingly imply few chances for birds to transport them internally
among subpopulations, analyses of sexual gene dispersal and the relative contribution
of vegetative and sexual dispersal show that sexual dispersal occurs substantially [19].
However, more studies on sexual dispersal and fruit/seed transportation are needed.

The genetic distance between the sites exhibited an increasing tendency after the
implementation of strict conservation measures, in the ranges of 0.012 to 0.060 in 2019
and 0.277 to 0.773 in 2021. The protective measures reduced human activities and may
simultaneously decrease the gene flow (Nm) among subpopulations, thus increasing genetic
differentiation. C. demersum subpopulations unaffected by human disturbance may be less
genetically connected with each other. Less connectivity is commonly accompanied by
less gene exchange and more genetic differentiation among populations, such as in other
aquatic [39,40] and terrestrial species [41,42].

5. Conclusions
Our results show the presence of considerable genetic diversity in the C. demersum pop-

ulation in Caohai Lake with abundant aquatic plants. Two years after the implementation
of strict conservation measures in 2019, the genetic and clonal diversity of the C. demersum
population was primarily maintained at the total population level. Under stringent con-
servation, the impact of natural disturbances, such as water flow and bird activities, has
persisted and may have increased. For submerged and hydrophilous C. demersum, whose
main dispersal mode is hydrochory at the local scale, water flow may cause vegetative
propagules of different genotypes to pool in the downstream area of the lake (such as the
1-WJY subpopulation). At sites with very large bird populations, such as the sites of the
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2-FYL and 3-LLS subpopulations, an increase in bird activities may augment the advan-
tage of competitive clones in these communities. Reducing anthropological disturbance
decreases the gene flow via human activities among subpopulations, which may result in
an increase in genetic differentiation to some extent. Therefore, the continuous monitoring
of population genetic variation, as well as the impact of related environmental factors,
including human activities, bird activities, and water flow, is required for the efficient
management of the lake ecosystem.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/d17060413/s1, Table S1: Information of microsatellite
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