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Abstract To explore the effects of differ-
ent water levels on competition of submerged plants,
we selected the canopy submerged plant Potamoge-
ton malaianus Miq. and the erect submerged plant
Hydrilla verticillata (L. f.) Royle as study materials.
Four water level gradients (25, 50, 75, 100 cm) were
chosen to simulate the hydrological environment
of shallow depressions in the main distribution area
of submerged plants in the field. The competition
between P. malaianus and H. verticillata under differ-
ent water levels was investigated by measuring plant
height, root length, stem thickness, number of leaves,
nodal thrift, nodal spacing, above—ground biomass,
below—ground biomass, and canopy whole—plant
biomass. The results show that P. malaianus and H.
verticillata increased in height as the water level rose.
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In most treatments, above—ground parts grew better
than below ground parts. In the 25 cm water level, rel-
ative yields (RYs) of the above—and below—ground
parts, and whole plant of P. malaianus displayed dif-
ferent patterns. At the water level of 25 cm, the RY
values of the above—ground part, below—ground
part, and whole plant of P. malaianus were greater
than 1. At the low water level of 25 cm, all treatments
had relative yield total (RYT) values greater than 1,
and at 50 cm water level, the RYT value of P4AH8 was
greater than 1. RYT was less than 1 at both 75 and
100 cm at 75 and 100 cm water levels, the growth
of each species was limited by the other species. In
low water level environments, submerged plants
switch from a competitive relationship to a facilita-
tive relationship as the water level decreases (stress
increases).

Keywords Water level - Potamogeton malaianus
Migq. - Hydrilla verticillata (L. f.) Royle - Interspecies
competition - Intraspecific competition

Introduction

Submerged plants are macrophytes, all of which are
located under the water layer, live in a fixed state, and
play an important role in the health and stability of
aquatic ecosystems (Sgndergaard et al., 2010). As the
basis of many food chains and primary producers,
submerged plants not only increase spatial ecological
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niches, improve underwater light and dissolved oxy-
gen content, provide habitats for organisms, but also
play the role of wave elimination and water purifica-
tion, which is the basis for maintaining the biodiver-
sity of water bodies (Viliranta et al., 2011).

The growth of submerged plants is influenced by
both biotic and abiotic factors. Abiotic factors include
a variety of environmental factors such as water level,
flow rate, light intensity, substrate, and nutrients in
the water column (Korschgen et al., 1997; Malkinson
& Tielborger, 2010). Among them, water level is the
most critical factor, which mainly affects their growth
by reducing light (Ellawala Kankanamge & Kodithu-
wakku, 2017). It has been suggested that as the water
level rises, the ability of submerged plants to obtain
light continues to decline, and once the decrease
exceeds the upper limit of adaptation (below the light
compensation point), submerged plants will not be
able to survive. Therefore, the decrease of underwater
light resources is an important reason for the wide-
spread disappearance of submerged plants (Collier
et al., 2012). In addition, high water levels inhibit the
ability of submerged plants to obtain atmospheric O,
and CO,, the material basis for aerobic respiration
and photosynthesis, respectively (Yuan et al., 2018).
Yin et al. concluded that although Myriophyllum
spicatum L. could better adapt to the low light envi-
ronment with continuous high water level, excessive
water flooding still had a significant inhibitory effect
on its plant height, and long-term exposure to high
water level would lead to its death (Yin et al., 2018).
Currently, there are many studies on submerged
plants at high water levels, while the effects of low
water levels on submerged plants cannot be ignored.
The low water level exposes submerged plants in
shallow water, and plants may die due to water short-
age (Li et al., 2019). A lower water level increases the
light intensity of the water body, which can lead to
low light tolerance. Liu et al., simulated the hydrolog-
ical environment of shallow depression in the main
distribution area of submerged plants in the field, and
concluded that the water level of 75 cm is suitable for
the growth of P. malaianus and H. verticillate (Liu
etal., 2021).

In addition to abiotic influences, the growth of
submerged plants is also affected by biotic factors,
including competition, grazing, and attached algae
(Foxx & Fort, 2019). Competition is a very impor-
tant biotic factor, which mainly affects plant growth
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through competition for nutrients below—ground
and competition for light above—ground. Fabian
Sauter suggested that root competition is the main
mechanism determining the performance of target
plants (Sauter et al., 2021), while the effect of shoot
competition has a relatively low effect, although it
increases with productivity. This study concludes
that the competition of the below—ground parts
of plants is greater than that of the above—ground
parts, and that the below—ground competition plays
an important role in the process of plant growth.
Numerous field studies have confirmed that facil-
itation and competition between species coexist,
and the net effect of the two in the community may
change with the relative importance of competition
and facilitation mechanisms. It has become a hot
topic in studies of population and community ecol-
ogy to predict how interspecific interactions change
with stressful environmental gradients (Grace &
Tilman, 1990). A long-standing debate about dif-
ferent approaches to explain competition is between
David Tilman and Philip Grime. Grime states that
the importance of competition relative to the impact
of the environment increases with productivity gra-
dients, while Tilman argues that the intensity of
competition is independent of productivity. Bertness
and Callaway proposed the stress gradient hypoth-
esis (SGH) (Bertness & Callaway, 1994), which
suggests that the relative importance of competition
and facilitation may change in opposite directions
as the abiotic stress gradient increases(Garcia-Cer-
vigbén et al., 2013) Most relevant studies are in line
with SGH, such as the studies by Ziffer-Berger et al.
(2014) and Li et al. (2018) According to the study
by Li et al., competition between Carex brevicuspis
C. B. Clarke and Polygonum hydropiper L. shifted
to facilitation as the water level increased, and this
facilitation might be regulated by sediment nutrient
heterogeneity (Li et al., 2018). At present, relevant
studies mainly focus on the effects of water level
and competition on plant growth and distribution
(Li et al., 2017), and there are many studies on the
ecological stoichiometric characteristics of plants
under different water levels with different compe-
tition patterns among plants(Miao & Zou, 2012;
Yuan et al., 2013). However, there are few studies
on the competition among different ecotypes under
different water levels, especially at low water levels.
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The water level is also selective for the type of
growth of submerged plants. Middelboe & Markager
(1997) found that stalk-supported canopy species
(e.g., M. spicatum and P. malaianus) have leaves that
can grow in shallow water where light is relatively
more abundant; therefore, such submerged plants can
overcome the light-limiting effect of shallow water
and can be distributed in areas with shallow water
levels, with high light compensation points and high
saturation points. In contrast, rosettes have no stalk
support and have poor vertical extension, according
to the “environmental screening theory” (Poff, 1997),
are usually distributed in shallow areas or require
low light compensation and light saturation points.
At present, there are few studies on the water level
competition between canopy and erect submerged
plants. According to the life—type characteristics of
submerged plants, this paper assumes that the canopy
submerged plants and the erect submerged plants are
in a facilitative relationship at low water levels, and in
a competitive relationship at high water levels.

The purpose of this study was to investigate the
effects of water levels on plant-plant competition
and facilitation. In this experiment, P. malaianus
and H. verticillata were selected as the materials to
study the interspecific competition between two sub-
merged plants at different water levels (25, 50, 75 and
100 cm) using the substitution test method according
to a certain gradient. We propose two hypotheses.
Hypothesis 1: We assume that the height of the can-
opy and upright submerged plants will increase with
the water level. Hypothesis 2: The competitive inten-
sity of submerged plants decreases with decreasing
water level, and the competition intensity decreases
with increasing environmental stress, which is con-
sistent with SGH.

Methods
Study area

Dongting Lake (8° 44'-29° 35" N, 111° 40"-113° 10’
E) is the second largest freshwater lake and the most
typical river-connected lake in China because of its
high water-exchange capacity with the Yangtze River.
The lake wetlands are characterized by large seasonal
fluctuations in water levels, with complete flooding

from May to October and drought from November to
April (Li et al., 2018).

Plant materials

Two major submerged plants of the Dongting Lake
wetlands, P. malaianus and H. verticillata, were
included in this study. P. malaianus is a perennial
herbaceous submerged plant. It is a dominant spe-
cies in the submerged vegetation of grass-type lakes
in the middle and lower reaches of Yangtze River
(Lyu et al., 2021). It occupies an important position in
freshwater ecosystems, and can be used as a pioneer
species in water ecological reconstruction projects
(Qin et al., 2017; Efremov et al., 2019) H. verticillata
can form large "underwater forests" in water bodies,
which play a vital role in the stability of aquatic eco-
system structure and function (Rodrigo et al., 2013).
It is one of the preferred plants for the restoration and
reconstruction of aquatic ecosystems (Chappuis et al.,
2014).

Potamogeton malaianus and H. verticillata
were collected from Dongting Lake and brought
back to the experimental station for cultivation.
On May 3, 2018, strong seedlings of P. malaianus
and H. verticillata of the same size were selected,
about 500 plants each. They were cultured in plas-
tic pots with 15 cm substrate, and then plastic boxes
(60 cmx35 cmXx20 cm) were placed in an experi-
mental pool (4.0 mx4.0 mx 1.1 m) with a water level
of 60 cm for seedling culture for 2 weeks. The culture
substrate was prepared by evenly mixing river sand
and Dongting Lake soil at a ratio of 1:1 (Table 1).

Experimental design

The experiment was conducted at four water lev-
els (25, 50, 75, and 100 cm), using the substitu-
tion series test method (Yuan et al., 2021), with 12
plants per box and five configuration ratios. A com-
pletely randomized group experimental design was
employed, with the number of P. malaianus and H.
verticillata plants increasing and decreasing by 4, 2,
and 4 plants per box, respectively (Fig. 1). On May
17, 20 cm tall seedlings of P. malaianus and H. ver-
ticillata test plants were planted in plastic boxes
(60 cm % 35 cm x 20 cm) with 20 cm substrate in con-
crete pools (1.0 mx 1.0 mx 1.1 m). The water levels
were 25, 50, 75, and 100 cm, respectively, and each
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Table 1 Substrate nutrient content

Eh (mV)

pH

Organic mat-
ter (%)

Organic

Ammonia

Available K Nitrate nitro-

(mg/kg)

Available P

Total N (%) Total P (%) Total K (%) Alkaline

nitrogen (mg/ carbon (%)
kg)

gen (mg/kg)

nitrogen (mg/ (mg/kg)

kg)

+ 6.59+0.01 1.21£0.01 2.09+0.01 7.84+0.05 200.73+0.53

326.67+0.09 6.97+0.01

3.04+£0.01 20.87+£0.01 10.7+0.03

0.09+£0.01

0.09+0.01

experiment was designed with three replicates, with
a total of 60 treatments. The experiment period was
two months.

Harvest and measurement

The plants were harvested 2 months after planting.
Plant height (soil surface to plant tip), node spac-
ing (internode length), and root length (stem base to
root tip) were measured with a tape measure; stem
diameter, leaf number (number of all leaves above
the soil surface), and density (number of plants per
square meter) were measured with a vernier caliper.
The roots of the plant were carefully dug out by hand,
and the sediment was removed by rinsing with tap
water. The plants of P. malaianus were then divided
into leaves, stems, and below—ground parts (rhi-
zomes and roots), and the plants of H. verticillata
were divided into leaves and below—ground parts.
All were oven dried at 80°C for 48 h and weighed.
Plant biomass was calculated as the total mass of all
tissues.

Statistical analysis

Relative yield total (RYT), the weighted average of
the relative yields (RY) of both plant species, was
used to evaluate facilitation or competition between
P. malaianus (P) and H. verticillata (H). The formula
was:

RYT,y; = (RY, +RYy)/2,

where RY p=Y,,/PpYp, RYy=Yyp/PyYy, and RYp
and RY are the relative yields of P and H, respec-
tively; Pp is the proportion of P in the mixture; Py is
the proportion of H in the mixture; Pp+Py=1; Yp is
the biomass of P in monoculture; Y, is the biomass
of H in monoculture; Ypy is the biomass of P in the
presence of H; and Yyp is the biomass of H in the
presence of P (Hao et al., 2013). When RYT=1, the
interaction between species is not clear; if RYT> 1,
the interaction among species is positive (facilita-
tion); and if RYT < 1, the interaction among species
is negative (competition). RY measures the average
performance of individuals in the mixture compared
to that of individuals in the monoculture. Detailed
information regarding RY was presented by Fowler
(Fowler & Antonovics, 1981).
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Fig. 1 The planting
diagram of Potamogeton
malaianus and Hydrilla
verticillata
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The data were organized by Excel 2010, the graph-
ing was plotted by Origin Pro2018, and the one-way
ANOVA was performed by SPSS Statistics 17.0
to test the effect of water level in each competition
mode and the effect of competition at each water
level. Duncan method was used to conduct multiple
comparisons.

Results
Growth pattern

Root length, internode spacing, branch number, node
number, leaf number and stem diameter all showed

significant differences among different water level
treatments (all P<0.01) (Table 2). Specifically, the
higher the water level, the higher the plant height of
the two submerged plants (Figs. 2a and 3a). The roots
of P. malaianus were longer at the water levels of 50
and 75 cm than those at water levels of 25 and 100 cm
(Fig. 2c). The number of branches increased signifi-
cantly at the water levels of 100 and 25 cm (Fig. 2e).
The internode spacing was longer at the water level
of 100 cm (Fig. 2d), and the number of leaves was
larger at the water level of 50 cm (Fig. 2g).

The internode spacing of H. verticillata at the
water level of 100 cm was higher than other water
levels (Fig. 3d) and the number of leaves of H. verti-
cillata at the water levels of 50 and 100 cm was larger

Table 2 Interspecific

. Indicator Potamogeton malaianus Hydrilla verticillata

competition of Potamogeton

malaianus and Hydrilla Water level Interaction Water level Interaction

verticillata under water

level F P F P F P F P
Plant height (cm) 2618.29 wok 13.39 ok 336.49 ok 16.03 ok
Total root length (cm) 51.85 ok 42.95 ok 9.66 ok 12.55 ok
Internode spacing (cm) 401.37 *k 9.47 Hk 24.28 Hk 18.01 wk
Branch number 10.49 ok 6.97 ok 42.85 ok 14.44 ok
Node number 34.28 ok 5.81 ok 29.83 ok 37.38 ok
Leaf number 163.63 ok 36.16 ok 23.28 ok 10.17 ok
Stem diameter (mm) 190.43 ok 10.09 ok 377.83 ok 48.37 ok
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Fig. 2 Effect of H. verticillata on the growth of Potamoge-
ton malaianus. Mean (+SE; n=3) (a—c) indicate significant
of P<0.05. P12HO (Potamogeton malaianus12 plants and
Hydrilla verticillata 0 plants). P8H4 (Potamogeton malaianus
8 plants and Hydrilla verticillata 4 plants). POH6 (Potamoge-
ton malaianus 6 plants and Hydrilla verticillata 6 plants).

(Fig. 3g). The stem diameter of H. verticillata at the
water levels of 75 and 100 cm was thicker than other
treatments (Fig. 3h). The number of branches of H.
verticillata at the water level of 50 cm was slightly
smaller than that at other water levels, and the num-
ber of branches was larger than that at other water
levels (Fig. 3e).

Relative yield total (RYT)
Water level and planting pattern had significant
effects on RYT (P <0.05). For all treatments at low

water level of 25 cm and P4HS8 at 50 cm water level,
RYT> 1, suggesting that facilitation occurred at the
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P4HS8 (Potamogeton malaianus 4 plants and Hydrilla verticil-
lata 8 plants). a Plant height (cm); b Relative growth rate of
plant height (%); ¢ Total root length (cm); d Pitch (cm); e No.
of branches; f Section number; g Number of blades; h Stem
diameter (mm)

25 cm water level. RYT was less than 1 for all treat-
ments at water levels of 75 and 100 cm, and for PSH4
and P6HG6 planting patterns at 50 cm water level, indi-
cating negative competition at water levels of 75 and
100 cm (Table 3).

RY relative yields

The RYs of the above—ground part, below—
ground part and whole plant of P. malaianus and
H. verticillata were significantly affected by water
level, planting pattern, and their interaction (Fig. 4).
At the 25 cm water level, RYs of the above—
ground part, below—ground part, and whole plant
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Fig. 3 Effect of Potamogeton malaianus on the growth of
H. verticillata. Mean (£SE; n=3) (a—c) indicate significant
of P<0.05. POH12 (Potamogeton malaianus 0 plants and
Hydrilla verticillata 12 plants). P8H4 (Potamogeton mala-
ianus8 plants and Hydrilla verticillata 4 plants). P6H6 (Pota-
mogeton malaianus 6 plants and Hydrilla verticillata 6 plants).

P4AHS8 (Potamogeton malaianus 4 plants and Hydrilla verticil-
lata 8plants). a Plant height (cm); b Relative growth rate of
plant height (%);c Total root length(cm); d Pitch (cm); e No. of
branches; f Section number; g Number of blades; h Stem diam-
eter (mm)

Table 3 Relative yield total

: Water level P12HO P8H4 P6h6 P4h8 POH12
at different water levels

25 cm 1¢ 1.96+0.07* 1.48 +£0.04° 1.31+0.04¢ 14

50 cm 1° 0.68+0.02¢ 0.76 £0.03¢ 1.28 +0.02° 1°

75 cm 12 0.38 +0.003¢ 0.92+0.03° 0.69 +0.002¢ 12

100 cm 12 0.42+0.01¢ 0.96 +0.02° 0.66+0.005¢ 12

of P. malaianus displayed different patterns. Most
values of RY in the above—ground part, below—
ground part, and whole plant of P. malaianus
were > 1 at the water level of 25 cm, indicating that
the presence of H. verticillata generally facilitated

the growth of P.malaianus. However, at the water
levels of 50, 75, 100 cm, most values of RY for
the above—ground part, below—ground part, and
whole plant of P. malaianus were <1, suggesting

@ Springer
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that the growth of P. malaianus was limited by the
presence of H. verticillata at these water levels.

RY values of the above—ground part, below—
ground part, and whole plant of H. verticillata in the
planting combination of P4H8 at the water levels of
25 and 50 cm were > 1, and RY values of H. verticil-
lata in all the other planting combinations at all water
levels were < 1, indicating that the growth of H. ver-
ticillata was limited by the presence of P. malaianus.

Discussion

Water level is a decisive factor for the growth and
reproduction of submerged plants (Valley & Drake,
2007). Many studies have shown that different water
levels have significant effect on the growth, distri-
bution and reproduction of submerged plants (Zhao
et al., 2021). Zhu et al. (2012) believe that the bio-
mass, relative growth rate, root anchorage strength,
and stem tensile properties of M. spicatum, Cerato-
phyllum demersum L., H. verticillata, Potamogeton
maackianus A. Benn., P. malaianus decreased with
increasing initial water level, suggesting that deep
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water level

water can inhibit plant growth and decrease their
mechanical resistance.

H. verticillata can adapt to different water levels
through physiological and morphological changes in
the life history (Wei et al., 2013). Wang et al. (2014)
and other studies believe that at deep water level,
the growth of H. verticillata will be inhibited. Gao
et al. (2017) simulated the rise of water level and
believed that high water level promotes the growth
of canopy plants represented by P. malaianus, while
rising water level is unfavorable for the growth of
erect plants represented by H. verticillata. This study
is consistent with Wang et al. (2014) and Gao et al.
(2017).This pilot study is consistent with hypothesis
that the plant height of canopy and erect submerged
plants increases with rising water levels. The low
water levels of 25 and 50 cm inhibited the growth
of the plant height of P. malaianus, which is closely
related with the niche formed by the canopy plants of
P. malaianus. In order to adapt to growth at low water
level, P. malaianus has formed an adaptive mecha-
nism to water level changes by increasing the num-
ber of nodes and shortening the internode spacing to
reduce stress. At the water levels of 75 and 100 cm, P.
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malaianus and H. verticillata met their own growth
needs by increasing the height and thickening the
basal stem to obtain light energy. The water levels of
75 and 100 cm were favorable for the biomass accu-
mulation of the canopy plants of P. malaianus. The
water level of 25 cm was conducive to the reproduc-
tion of H. verticillata, and the water levels of 50 and
75 cm were conducive to the biomass accumulation
of the erect plants of H. verticillata.

The most important consequence of plant competi-
tion is the change in biomass. In this experiment, the
plant height of H. verticillata for PSH4 and P6H6 was
greater than that of monoculture plant (POH12) at the
water level of 25 cm. This is due to the competing for
light resource between the two submerged plants. The
canopy plant P. malaianus dominates and reduces the
sunlight radiation required for photosynthesis of H.
verticillata. Thus, H. verticillata has to increase the
height to satisfy its own growth to obtain light, which
promotes the growth of plant height (Nunes & Cama-
rgo, 2020).

The interrelationship of plants mainly includes two
aspects: positive effect and negative effect. They play
an important role in regulating plant distribution and
community structure, and are one of the main driving
forces shaping plant morphology and life cycle for-
mation (Bruno et al., 2003). We examined the effects
of water level on the competition and facilitation of P.
malaianus and H. verticillata. Our results suggested
that the plant growth of one plant species was limited
by the presence of the other plant species when the
water level was at 75 and 100 cm. In contrast, at a
water level of 25 cm, simulating a low puddle envi-
ronment, competition shifted to facilitation, consistent
with our hypothesis 2. In this experiment, at the water
levels of 75 and 100 cm, 0<RYT < 1, indicating that
the two submerged plants at 75 and 100 cm water
levels confronted and competed with each other. P.
malaianus and H. verticillata occupied different eco-
logical niches, showing a certain symbiotic relation-
ship throughout the experiment. This is because the
plant height of P. malaianus is higher than that of H.
verticillata. P. malaianus are submerged plants that
grow upright with a high canopy. H. verticillata are
submerged plants with small leaves, small stems and
a small canopy. These two submerged plants were
separated in spatial location and competition between
species intensified. Therefore, the two submerged
plants showed a competitive relationship. Submerged

plants shift from competitive to facilitative relation-
ships in low water environments (increased stress).
The competition among plants is mainly competi-
tion for resources in the environment (Trinder et al.,
2021). Changes in competitive relationships will
affect the allocation of resources among plants, and
in turn affect individual growth, population numbers,
and community structure (Shen et al., 2020). Com-
bined with the RYT values at 25 and 50 cm water
levels, the biomass of H. verticillata in the mixed
planting system was greater than that under the sin-
gle planting condition, indicating that the existence
of P. malaianus promoted the increase of the yield of
H. verticillata. Combined with the RYT values at 25
and 50 cm water levels, the biomass of H. verticillata
in the mixed planting system was greater than that of
monoculture planting, indicating that the existence
of P. malaianus promotes the increase of the yield
of H. verticillata. When environmental conditions
are favorable, competition among plants dominates,
while when environmental stress is severe, tolerance
among plants dominates, and plants tend to allocate
most of their resources to the corresponding traits or
organs or through morphological and physiological
changes to adapt to the environment. However, fur-
ther research on the tolerance and competitiveness of
the low water P. malaianus and H. verticillata trade—
offs is needed to understand this relationship.

Concluding remarks

P. malaianus and H. verticillata showed certain sensi-
tivity and plasticity to different water levels and plant-
ing patterns, and the interaction of water levels and
planting patterns had significant effects on the bio-
mass of P. malaianus and H. verticillata. Our study
supports SGH because plant interactions between P.
malaianus and H. verticillata changed from competi-
tion to facilitation as water levels decreased. Interspe-
cific competition under low water levels is beneficial
to the growth of submerged plants. Future research
could provide insight into the competitive mecha-
nisms of submerged plants.
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