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Due to wetland loss, Ottelia cordata (O. cordata, Wallich) Dandy has been categorized as
an endangered species on the List of Key Protected Wild Plants in China. Quantifying the
relative importance of demographic (i.e., growth, survival, and reproduction) and habitat
preference traits on the population dynamics (abundance) of O. cordata could guide how
to develop the best recovery strategies of O. cordata, yet currently, there are no studies
that investigate this. By monitoring monthly changes in O. cordata abundance and
demographic traits (plant height, leaf area, flower sex ratio, and seed number) that were
highly correlated with growth rate, photosynthetic rate, and water depth, we identified
several relationships. Linear mixed-effect models and variance partition quantified the
specific effects of four demographic traits and water depth on O. cordata abundance
in three habitat types (paddyfield, stream, and spring). The linear mixed-effect models
indicate that among the four demographic traits, height could be significantly positively
correlated to abundance in all three habitat types. In contrast, other three traits (leaf
area, sex ratio, and seed numbers) were non-significantly associated with abundance
across each habitat. Height was determined by water depth, so water depth rather than
photosynthetic rate and reproduction rate may promote the development and recovery
of O. cordata populations. Variance partition results showed that water depth mediated
the positive influence of growth rate on the abundance of O. cordata in the living habitats
(paddyfield and spring). In contrast, water depth but not growth rate determined the
abundance of O. cordata in the living habitat (stream). However, water depth had a
significantly negative impact on the abundance of O. cordata in stream habitats, likely
because all of the streams were shallow. Altogether, in the short term for avoiding the
potential harm or even extinction of O. cordata, keeping appropriate water depth or
transplanting O. cordata to spring should be an effective strategy because the water
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is not only deep enough but also clear in spring habitats. Additionally, water turbidity
was shown to affect the density of O. cordata growth, wherein O. cordata was sparsely
distributed when turbidity was high. Therefore, in the long run, to make the population
gradually recovery, it will be necessary to restore the degraded wetland. This could be
accomplished by reducing water pollution and removing sludge to reduce turbidity and
increase hydrological connectivity.

Keywords: abundance, demographic traits, linear mixed-effect model, monthly variation, conservation strategy

INTRODUCTION

Ottelia cordata (O. cordata, Wallich) Dandy, distributed in China,
Cambodia, Myanmar, and Thailand (Wang et al., 2010), is a
submerged dioecious macrophyte that is insect-pollinated and
shows leaf dimorphism in submerged and floating leaves. Found
in clear and slowly flowing water, full lifecycle of O. cordata
is inseparable from water, though flowering takes place on the
water surface. Historically, O. cordata was widely distributed in
the whole Hainan province, located in the southernmost part
of China, at the northern edge of the tropics. Hainan province
has a tropical monsoon climate with abundant rainfall from
May to November followed by a dry season. The vegetation is
mainly tropical monsoon rain forest. Due to wetland destruction
(e.g., cutting forest for planting, production and domestic sewage
discharge), O. cordata can only be found in part of northern
Hainan Province (Haikou city, Ding’an County, and Chengmai
County), China (Figure 1a), close to 90% of the distribution
points are located in Haikou, so it has a very narrow distribution.
In recent years, multiple factors, such as water eutrophication
and wetland destruction, have resulted in the loss of many O.
cordata populations and a significant reduction in its range
(Wang et al., 2019). According to the observation of the research
group of authors, the distribution points of O. cordata were
decreased from 42 points to 38 points, and the number O. cordata
was decreased by about 11% between 2017 and 2020. Given
these trends, O. cordata has been categorized as an endangered
species in the List of Key Protected Wild Plants in China
(Zhang et al., 2019). To protect and recover O. cordata, several
wetland reserves, such as the Yangshan Wetland Reserve and
Changwangxi Wetland Reserve, have been established in Hainan
Province (Wang et al., 2019). However, without knowing local
population dynamics and their potential influencing factors, it
is very difficult to develop accurate and effective protection
strategies to save this endangered species.

Although O. cordata has been listed as endangered plant
species in China, there are no specific evaluation criteria
judging its endangered degree. It has been shown that
without knowing the plant species population dynamics and
demographic traits, any evaluation of endangered degree is
essentially guesswork (Tear et al., 1993; Schemske et al.,
1994; Neel et al., 2012). Moreover, population dynamics (e.g.,
abundance) of the population should be determined using
demographic traits that are highly associated with growth and
reproduction (Davies et al., 2000; Rytwinski and Fahrig, 2012;
Soudzilovskaia et al., 2013; Curtis et al., 2015). Therefore,

O. cordata population dynamics and demographic traits were
measured to determine which demographic characteristics
influence population dynamics, thereby shedding light on
the potential influencing the endangered degree. Using these
population dynamics and demographic traits for O. cordata to
understand the determinants of O. cordata abundance dynamics,
effective recovery strategies can be developed (Wang et al., 2010).

Since O. cordata is an annual submerged macrophyte, its
population dynamics should be easy to measure as it only requires
monthly monitoring across its population distribution within
a 1-year period. To be the best of our knowledge, the whole
genome of O. cordata and its response to CO2 addition have been
reported (Wang et al., 2019; Zhang et al., 2019; Huang et al.,
2020), while currently there are no reports on its population
dynamics and demographic traits. As a result, it is very difficult
to develop effective and suitable recovery strategies to better
protect O. cordata. Therefore, in this study, we monitored the
monthly variation in population dynamic (i.e., abundance) and
several key demographic traits (i.e., height, leaf area, the ratio of
numbers of male and female flowers, and seed numbers) in all
possible distributions of O. cordata that were highly associated
with growth, photosynthesis rate reproduction of submerged
macrophyte over a 1-year period. For example, several studies
indicate that height and leaf are highly associated with growth
and photosynthesis rate for submerged macrophyte (Fu et al.,
2014; Huang et al., 2020; Zhang et al., 2020). Additionally, the
ratio of numbers of male and female flowers and seed numbers
are highly associated with the reproductive ability of submerged
macrophytes (Xu et al., 2015; Liu et al., 2017; Zhang et al.,
2020). It has also been widely noted that water depth is a key
factor affecting the growth, reproduction, and re-establishment
of submerged macrophyte populations (Nõges and Nõges, 1999;
Dong et al., 2014). Deeper water may induce lower light intensity,
however, increased water pressure and unstable temperature
and sediment at such depths may not favor increased growth
and reproduction for submerged macrophytes (Philbrick and
Les, 1996; Kosuge et al., 2013). Similarly in very shallow water
depth, light intensity and temperature at shallow depths may
limit the growth and reproduction of submerged macrophytes
(Søndergaard et al., 2010; Zhu et al., 2012; Li et al., 2017).
Taken altogether, it may be that water depth is a key regulating
factor. Therefore, we aimed to use the measured monthly
variation in abundance, demographic traits, and water depth
to quantify, (1) monthly variations of abundance, demographic
traits, and water depth for O. cordata; (2) whether the key
demographic characteristic or water depth was the determining
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FIGURE 1 | Topographic map of all spatial distributions of Ottelia cordata (c) in our several study sites (five in Haikou city, one in Chengmai County, and one in
Ding’an County) (b) in Hainan province, China (a). Red symbols indicate all distribution points, and yellow symbols represent sample plots.

factor influencing abundance for O. cordata by investigating the
interrelationships among these variables. We hypothesize that
water depth and some demographic characteristics (height, sex
ratio, or seed numbers) could affect the abundance of O. cordata,
and their ability to predict O. cordata abundance may be different.

MATERIALS AND METHODS

Study Site
We determined all the distribution points for O. cordata by means
of unmanned aerial vehicle and field investigation. Dji Mavic Air
2 UAV (SZ DJI Technology Co., Ltd. Shenzhen, China) was used
for the investigation, with a flight altitude of 10–20 m. In the area
around the distribution point of O. cordata or in the area where

O. cordata may be distributed, the image accuracy could reach
the centimeter level, then confirmed the suspected point by field
investigation. Finally, we found a total of 38 distribution points
(Figure 1c), one of which was located in Longmen Town, Ding’an
County (19.386458N; 110.329212E), and three of which were
located in Yongfa Town, Chengmai County (19.7872–19.7963N;
110.1748–110.1770E), and the remaining 34 sites were located
in Yangshan Wetland Multi-functional Reserve of Haikou City
(19.7556N–19.9682N, 110.2333E–110.4070E; Figure 1a).

The distribution areas are divided into the rainy season and
dry season. The rainy season was distributed from June to
November, and the dry season was distributed from December to
April. The average annual precipitation in this region was about
1,966–2,067 mm, 70% of which occurs in the rainy season. The
annual average evaporation was 1,763–1,843 mm.
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Across this distribution, the water quality was good with
clear water observed at about three-quarters of the total sites,
and only a small part of the water with muddy substrate had
higher turbidity. There were mainly three habitat types: stream,
paddyfield, and spring. The stream type was accounted for about
70% of sites, the paddyfield type was accounted for about 20%
of sites, and there were only two springs (but the number of
O. cordata in spring accounts for about 20–25% of the total). The
water flow speed was gentle with the stream speed at less than
0.5 m/s and the springs and paddy fields with a flow rate below
0.1 m/s. The substrates of the water body were sandy, muddy,
or a mixture of the two; sand-mud mixture accounted for about
half of the distribution sites. The springs sediment was mainly
sandy or having a little mud in some areas. The substrate of
paddyfield was mainly muddy, and a few distribution spots were
mud-sand mixture. However, there were three types of sediment
in streams, and the proportion difference was not obvious. The
turbidity of springs and paddyfields was lower, the turbidity of
streams with different substrates types varied greatly, among
which muddy basement had the highest turbidity, and the sand
basement had the lowest turbidity. The chemical oxygen demand
(COD) of all water bodies was less than 13.0 mg/L, the springs
water was the lowest, and the COD was less than 1.5 mg/L. The
total phosphorus (TP) of all water bodies was less than 0.08 mg/L.
Other indices were also up to the water standard of class II (or I),
except total nitrogen (TN) was between 7.0 and 12.0.

Field Sampling
Seven sites were selected as sample plots based on the area,
the number of plants, distribution distance, habitat type, and
water bottom material and at least two sample sites for each
habitat (three for streams because there are lots), then seven sites
were selected as sample plots, which covered different types and
population characteristics of the distribution of O. cordata. They
were, respectively, Yufucun paddyfield, Changwangxi paddyfield,
stream of Nayang Village, stream of Chengmai Yongfa Town,
stream of Yangshan forest, Xihu Niang Temple Spring, and
Ding’an Cold Spring (Table 1 and Figure 1b). O. cordata was
an annual plant species, so we studied its population dynamics
for a year. Based on our preliminary observation, O. cordata
blooms every 2–3 months, therefore, sampling was conducted in
6 months (January, March, May, July, September, and November)
in 2020 to quantify variations in O. cordata population dynamics
(monthly variation in abundance), its functional traits, and water
depth. In each month, in each of 41 sites, five 1 m × 1 m plots
(1 m2 area) were randomly arranged to measure abundance, four
traits (height, leaf area, the ratio of numbers of male flower,
and numbers of female flower) and water depth every day to
calculate average abundance, traits, and water depth for the
corresponding month.

Trait Measurement
Individual leaf area (cm2) was calculated from the leaf scans using
Image-Pro Plus (IPP) 6.0 (Media Cybernetics, Inc., Silver Spring,
MD, United States). We measured the height from the root to
the stem, numbers of male and female flowers, and seeds in each
individual in each of the five 1 m× 1 m plots. We then calculated

the ratio of numbers of male and female flowers (O. cordata is
dioecious, but according to our observation of each flower open
only 1 day, it was the sex ratio of flowers rather than the sex ratio
of plants that affected the population dynamics, so the sex ratio
of flowers was used in this study).

Statistical Analysis
We first quantify monthly variations in abundance, four
functional traits, and water depth. Then we tested whether
the four traits and water depth were significantly correlated
with abundance for O. cordata. Since our study design was
hierarchical, with three different living habitat types (paddyfield,
stream, and spring), we used linear mixed-effects models using
maximum likelihood with the R package “lme4” (Bates et al.,
2014). For each trait and the water depth, we used the model:
[abundance ∼ trait/water depth + (1| living habitat type)]
with trait/water depth and living habitat type as the predictor
of abundance and random effect, respectively. Finally, we
used a variance partitioning analysis to quantify the relative
contribution of traits and water depth to abundance for using
the function “varpart” in the “vegan” R package (Oksanen et al.,
2016). Specifically, abundance with traits and water depth as
explanatory variables could be divided into four complementary
components: (a) “purely traits,” variance explained by traits
alone; (b) “shared traits and water depth,” variance explained by
both traits and water depth; (c) “purely water depth,” variance
explained by water depth alone; and (d) “unexplained residual
variation” (Legendre et al., 2009; Zhang et al., 2018a). For
each of the three living habitat types, variance partitioning was
done separately.

RESULTS

Abundance for O. cordata showed a clear monthly variation,
with the highest abundance occurring in November or January in
paddyfield and spring habitats, but from September to November
for the stream habitat. The lowest abundance came up from
March to May (Figure 2). Similarly, the four demographic traits
(height, leaf area, the ratio of numbers of male and female
flowers, and seed numbers) for O. cordata also demonstrated
clear monthly alteration. However, only height described similar
monthly variations to those for abundance. Water depth also
showed consistent monthly alterations with those for abundance,
but monthly variations for water depths in the stream were much
lower than those for paddyfield and spring (Figure 2).

The linear mixed-effect model results indicated that the slopes
of the relationships between species abundance and height and
abundance and water depth had significantly (P < 0.05) across
the three living habitat types (Table 2 and Figure 3). For instance,
height was significantly correlated with abundance in all three
living habitat types (Table 2 and Figure 3). In contrast, water
depth was significantly and positively associated with abundance
in paddyfield and spring habitats, but was significantly and
negatively related to abundance in stream habitats (Table 2 and
Figure 3). However, the slopes of the relationships between
abundance and functional traits did not change significantly
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TABLE 1 | Characteristics of the Ottelia cordata sample area (2020.01–2020.12).

The sample name Latitude and
longitude

Sample
size (m2)

Number of
plant

Habitat Water quality Bottom
material

Remarks

Yufucun paddyfield 110.38479E
19.928589N

800 9–520 Paddyfield Clear,
turbidity ≤ 3
NTU

Mud O. cordata was
cleaned when
planting rice

Changwangxi paddyfield 110.28572E
19.78905N

1,200 820–1,300 Paddyfield Clear,
turbidity ≤ 3
NTU

Sand-mud

Stream of Nayang Village 110.39771E
19.93171N

600 270–350 Stream Some turbid,
turbidity ≤ 10
NTU

Mud

Stream of Chengmai Yongfa Town 110.17700E
19.79633N

60 10–30 Stream Some turbid,
turbidity ≤ 15
NTU

Mud The plant has been
falling, in danger of
disappearing

Stream of Yangshan forest 110.31528E
19.94387N

120 520–1,100 Stream Very clear,
turbidity ≤ 1
NTU

Sand

Xihu Niang Temple Spring 110.31331E
19.93485N

850 290–500 Spring Clear,
turbidity ≤ 2
NTU

Sand-mud

Ding’an Cold Spring 110.32921E
19.38646N

1,000 900–1,500 Spring Very clear,
turbidity ≤ 0.5
NTU

Sand

Water quality description: Very clean, everything at the bottom of the water is visible; Clean, most things at the bottom of the water can be seen; Some turbidity, most
things at the bottom of the water cannot be seen.

FIGURE 2 | Monthly variations in abundance, water depth, and four demographic traits (height, leaf area, ratio of numbers of male and female flowers, and seed
number) for Ottelia cordata in a full year.

across (P > 0.05; Table 2 and Figure 3). Additionally, variance
partitioning results demonstrated that water depth explained
large variations (53–64%) in abundance in all three living habitat
types, whereas height merely explained relatively few proportions

(21–40%) of variations in abundance in all three living habitat
types (Figure 4).

There was no correlation between floral sex ratio and seed
quantity, water depth, or plant height. Among the seven sites,
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TABLE 2 | The relationships between species abundance and both demographic
traits (photosynthetic rate, leaf proline content, and seed germination rate) and
water depth, while accounting for the random effect of living habitat types
(paddyfield, stream, and spring) tested using the linear mixed-effect model
[formula: abundance ∼ trait/water depth + (1| living habitat type)].

Source

Height Degree of freedom 1

Effect size 19.34

F 9.45

P <0.05

Water depth Degree of freedom 1

Effect size 20.52

F 21.15

P <0.05

Leaf area Degree of freedom 1

Effect size 17.93

F 1.24

P >0.05

Ratio of numbers of male and female flowers Degree of freedom 1

Effect size 19.79

F 0.46

P >0.05

Seed numbers Degree of freedom 1

Effect size 20.42

F 0.84

P >0.05

The degree of freedom, effect size, F-statistics, and corresponding P-values are
shown and boldface type indicates significant differences at P < 0.05.

the floral sex ratio of Ding’an Cold Spring was the highest, while
that of Xihu Niang Temple Spring was the lowest. Therefore,
the floral sex ratio was not related to habitat type but might be
related to spatial distribution distance. The highest number of
seeds was in the stream of Chengmai Yongfa Town and stream
of Nayang Village, while the lowest number of seeds was in the
stream of Yangshan forest, indicating that the muddy substrate
was favorable for seed production.

DISCUSSION

Hereby using monthly variations in abundance, some key
demographic traits (height, leaf area, the ratio of numbers of
male and female flowers, and seed numbers), and water depth,
our results show the population dynamics of O. cordata and
its influencing factors. Results show that although water depth
and demographic trait (height) could affect the abundance,
water depth and height had different predictive abilities in the
abundance of O. cordata.

Demographic traits may directly reflect O. cordata
performance as determined by growth, reproduction, and
photosynthesis rate. For example, height has been shown to be
highly associated with growth rate (Falster and Westoby, 2003;
Sun and Frelich, 2011; Han et al., 2018). Similarly, previous
studies indicate that the ratio of the male and female flowers and
seed numbers are good indicators of plant reproductive ability
of submerged macrophyte (Xu et al., 2015; Liu et al., 2017). In

addition, leaf area could influence plant photosynthesis rate,
with a large leaf area resulting in a high photosynthesis rate (Fu
et al., 2014; Huang et al., 2020; Zhang et al., 2020). It had been
found that growth, reproduction, and photosynthesis rate could
determine plant abundance (Westoby et al., 1999; Wright et al.,
2004; Zhang et al., 2013, 2018b). Thus, the relationship between
abundance and these functional traits could provide insight into
which characteristics may determine abundance for O. cordata.
Since only height showed consistent and monthly variations
with those for abundance, it is possible that only plant height is
highly related to abundance. Indeed, we found that height was
significantly and positively associated with abundance in all three
living habitat types, whereas the other three demographic traits
(the ratio of the numbers of male flowers and numbers of female
flowers, leaf area, and seed numbers) were not significantly
related with abundance. This suggests that growth rate, but not
photosynthesis rate or reproduction, could determine abundance
for O. cordata. Dynamics for abundance and demographic traits
have been widely reported for many submerged macrophytes
(Santamaría et al., 2003; Boedeltje et al., 2008; Fu et al., 2014;
Bai et al., 2015). However, our results for the first time revealed
that demographic traits could be used to predict abundance for
submerged macrophytes. In addition, the number of plants per
unit area was correlated with turbidity, and the number of plants
per unit area was less when turbidity was higher. The water
with high turbidity was usually a muddy substrate (there were
more seeds on the muddy substrate) but fever plants per unit
area, indicating that water quality may affect the growth and
development of O. cordata.

It has been widely reported that water depth may determine
both the abundance and biomass of submerged macrophyte
(Xu et al., 2015; Li et al., 2017; Zhang et al., 2020). Here,
we observed that water depth and abundance for O. cordata
had varying consistently from month to month. Thus, water
depth should be highly associated with abundance. Indeed,
we observed that water depth was significantly and positively
related to abundance in paddyfield and spring habitats, but
negatively associated with abundance in the stream habitat
owing to streams having the shallowest depths (all less than
45 cm). These results indicate that water depth in paddyfields
and springs could facilitate the re-establishment of O. cordata.
In contrast, water depth in the streams would limit the
population development of O. cordata. The key reason was
that the distribution of O. cordata had a significantly dry
and wet season, which in turn would lead to a significant
alteration in water depth. It had been found that significant
variation in water depth could facilitate growth and reproduction,
which in turn would affect abundance and biomass for
O. cordata. Thus, water depth could facilitate the population
development and re-establishment of O. cordata. Here, we
found that the paddyfield and spring water depth showed
significant variations, with the highest and lowest water depth
occurring in wet (September–November) and dry (March)
seasons, respectively. Thus, it is not surprising to see the
significantly positive water depth-abundance relationships in
paddyfield and spring habitats. However, water depth in the
stream habitat was relatively invariable across wet and dry
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FIGURE 3 | The relationships between abundance for Ottelia cordata and four demographic traits (height, leaf area, ratio of numbers of male and female flowers,
and seed number) along with water depth.

FIGURE 4 | The percentage of variation in abundance for Ottelia cordata is explained by four predictor types: “purely height,” variance explained only by height (a),
“shared height and water depth,” variance explained by both height and water depth (b) “purely height,” variance merely explained by water depth (c), and
“unexplained variables” (Residuals), in the three living habitat types (paddyfield, stream, and spring) individually.

seasons. This is likely due to the previous unreasonable land use
(i.e., deforestation, building apartment, and dam construction)
causing serious wetland destruction, which in turn restricted
the water depth (Wang et al., 2019). Here, the water depth
would restrict population development and re-establishment of
O. cordata thereby resulting in negative water depth-abundance

relationships. However, deeper water would weaken the light and
increase the sediment, which is also not conducive to the growth
and reproduction of O. cordata and restricted the development
of the population, similar to previous findings of aquatic plants
(Kosuge et al., 2013). In addition, the height of O. cordata
must be equal to or greater than the depth of water to produce
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floating leaves, which are the main organs for photosynthesis
(Huang et al., 2020), and the stem must be out of the water
to reproduce. In this study, when the water depth was close to
100 cm, the number of seeds would be significantly reduced and
the abundance of O. cordata decreased. Of course, only 1 of the
38 distribution points could reach 100 cm in the wet season, so
shallow water depth was still the most important factor limiting
the restoration and reconstruction of O. cordata.

Usually, submerged macrophytes would alter their height in
response to the variations of water depth (Carollo et al., 2005; Li
et al., 2017, 2020; He et al., 2019; Su et al., 2019). Thus, water
depth should have a higher predictive ability of abundance than
plant height. Indeed, our variance partition results indicated that
water depth could explain a large proportion, while the height
can only explain very little. As a result, water depth but not
height could determine the abundance of O. cordata. Our results
also showed that water depth and height were highly correlated
in living habitats (paddyfield and spring), indicating that water
depth mediated the influence of growth rate on the abundance
of O. cordata in these habitats. However, water depth and height
were not significantly correlated in the stream habitat suggesting
that the limited water depth did not obviously affect plant growth.
Thus, water depth tends to directly limit O. cordata population
development. Therefore, it is incredibly important to restore the
degraded wetland to retrieve the restricted water depth, otherwise
O. cordata may have a high risk of going extinct.

CONCLUSION

Our results show the dynamics in abundance and demographic
traits of O. cordata. We have clearly demonstrated that water
depth and growth rate indicated by height could affect the
abundance of O. cordata, but water depth plays a determining
role. The floral sex ratio and fruit dynamic change were not
directly related to water depth; instead seem to have effects on the
sex ratio and whether it is the influence requires further study. In
addition, the number of seeds in mud substrates was significantly

higher than that in sand substrates, but the number of plants per
unit area in mud substrates was significantly lower than that in
sand substrates. Because water turbidity in mud base was often
higher, turbidity was also one of the factors causing the O. cordata
to be endangered. Therefore, the restoration of wetland water
quality should be strengthened. In conclusion, the abundance
of O. cordata was limited by the relatively constant water depth
due to wetland structure. Therefore, maintaining appropriate
water depth levels (30–90 cm) or transplanting O. cordata to
spring habitats may be a feasible and effective strategy to avoid
potential harm to its abundance because the water is not only
deep enough but also clear in spring habitats. However, in the
long-term, it is critical that the whole degraded wetland in
Yangshan Wetland Reserve to the wetland population gradually
recover. For example, wetland water sources are managed to
reduce water pollution, silt is removed to keep water quality
clean (turbidity ≤ 10 NTU), and dredging systems strengthen
connections between distribution points.
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