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Asexual propagules are the dominant means of propagation in most submerged macrophytes. To improve
the understanding of how water nutrient concentrations and population density influence the turion
production of Potamogeton crispus L., the turions were planted in mesocosms with three water nutrient
conditions (ambient lake water, high P and high N) and two plant density levels (4 and 15 turions m~2).
After a 9-month experiment, the +P in the water column significantly increased the total turion number per
plant under both of the plant density treatments. However, the +N in the water column did not affect the
turion number per plant under low plant density. The +P in the water and high plant density significantly
reduced the turion individual biomass. An examination of 3210 turion individuals from all treatments
revealed that the increased water nutrient concentrations and plant density impacted the turion size by
producing different stem diameters of individual turions. Most of the scale leaf morphological traits of the
turions were significantly increased under higher water nutrients, but these traits were similar between the
different plant density treatments. These results demonstrate that the water P concentration interacts with
plant density, affecting both the production and traits of turions.

ost submerged macrophytes produce asexual propagules, which are the major propagules used for the

dispersal and propagation of submerged macrophytes'~*. For submerged macrophytes, asexual propa-

gules generally include the rhizome, creep stem, tuber, turion and stem fragment**. Compared to seeds,
turions are relatively large, and they are able to photosynthesize and/or take up nutrients; thus, these asexual
propagules are considered to have a greater potential than seeds for successful population expansion in sub-
merged macrophytes>*. Therefore, a comprehensive understanding of asexual propagule production, which is
closely related to the environment, is important in submerged macrophyte population ecology.

Most rooted submerged macrophytes are able to take up nutrients (e.g., nitrogen and phosphorus) through
roots, but they also can utilize nutrients from water column via shoots’'°. However, few studies have
investigated the effect of water nutrient concentrations on asexual reproduction in submerged macrophytes.
For instance, Smith et al."" found that the water potassium concentration did not significantly affect the auto-
fragment number and biomass of Myriophyllum spicatum L. However, Wang et al.'> concluded that
Potamogeton crispus L. significantly decreased its turion number and the dry matter production of turions
per plant under a high water P concentration (25 mg L™"). Although many previous studies have indicated
that high nutrient conditions may reduce the asexual propagation of submerged macrophytes, most of these
studies in aquatic habitats have focused on single factors (e.g., nutrient availability), whereas evidence of
multiple factors is lacking.

Plant density is another important factor that affects the growth and propagation of submerged macrophytes,
as it can influence the absorption or uptake of nutrients and/or light>". Previous studies have demonstrated that
differences in resource availability among patches (i.e., environmental heterogeneity) can be created even at small
scales>'*. Competition among neighboring plants can also magnify the individual size difference on a small scale,
as it can alter the resource distribution within a patch and the patchiness of resource availability'®. For instance,
Guan et al.'® found that plant density significantly affected individual vegetative production in Alternanthera
philoxeroides. Many studies have focused primarily on the growth and morphological parameters of submerged
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macrophytes (e.g., biomass and stem number), but few experimental
studies have addressed the role of plant density on the propagules of
submerged macrophytes'>".

Several previous studies have also demonstrated that plant density
has a feedback regulation effect on environmental resources, suggest-
ing interactions between nutrient availability and plant density'®".
Indeed, in environments with increased plant density, nutrient
absorption is generally reduced due to inactive root activity and an
insufficient energy supply'". However, if a high nutrient supply is also
available, plants might gain constructive material for root growth
and stem elongation to increase nutrient acquisition>". In addition,
high levels of nutrients can promote shoot production®* and might
increase the total amount of stored carbohydrates (i.e., soluble sugar
and starch) in submerged macrophytes®', which could help the plants
to resist the effects of high plant density. Nevertheless, our under-
standing of the mechanisms by which the growth and propagation of
submerged macrophytes are affected by the interaction between
nutrient availability and plant density remains limited.

Potamogeton crispus L. is a perennial submerged macrophyte that
is a dominant species in freshwater regions throughout eastern
Asia®®*. In the subtropical or warmer temperate regions of the
Northern Hemisphere (e.g., eastern Asia), the life cycle of P. crispus
is different from that of most submerged macrophytes. P. crispus
sprouts in autumn, grows throughout winter and increases its bio-
mass rapidly in the following spring***. P. crispus flowers and pro-
duces bur-like turions almost continuously from late May until the
aboveground portions decompose in the summer*>*. The seed pro-
duction of P. crispus is high, but the seed germination is very low
(approximately 0.001%)**. Therefore, the primary means of propaga-
tion for P. crispus is via turions®**”**. The newly formed turions are
always green and exhibit a high sprouting rate (approximately
100%); however, the turions turn brown and exhibit a relatively
low sprouting rate after a period of summer dormancy>**.

The turions of P. crispus are formed by specialized shoot apices
that are composed of modified leaves (also called scale leaves) and an
enlarged stem (Fig. 1). The turions are normally formed when tem-
perature is higher than 20°C and the photoperiod is longer than
12 h**. Wang et al."> and Xie and Yu® reported that the low water/
sediment nutrient concentrations would stimulate the turion forma-
tion processes (increase turion number or turion biomass fraction).
A typical turion also contains 3 to 7 dormant buds, which are directly
related to the (potential) sprouting performance of P. crispus plant-
lets®”*°. Turions of P. crispus store large amounts of total nonstruc-
tural carbohydrates (30-70% dry weight) and mineral nutrients (TN
and TP)*****'. As turions cannot take up nutrients from the sur-
rounding environment until new roots/shoots are formed, the main
function of turions’ storage could thus be supporting the growth of
new roots/shoots**~**. Previous studies have mainly focused on how
environmental factors influence turion germination®, formation®

Turion stem

Scale leaf

Sprouting bud

Figure 1| Schematic representation of the turion of P. crispus.

and dispersal®. Our previous study also revealed that high sediment
nutrients concentration would reduce the turion size (biomass) of P.
crispus®. However, few studies have investigated the combined effect
of the water nutrient level and plant density on the turion production
of P. crispus. In this study, we tested the effects of different water
nutrient conditions and plant densities on turions and the morpho-
logical differences among turions. We hypothesize that increasing
water nutrient and plant density may reduce the P. crispus turion
sizes through morphological characteristics changes.

Methods

Materials. This experiment was conducted at the National Observation and Research
Field Station for Lake Ecosystem in Liangzi Lake, China (30°05'-30°18'N, 114°21'—
114°39'E). From 15-17 October 2011, mature, healthy turions of similar sizes (not
grazed or broken, 5 or 6 green scale leaves) were collected from the sediment of
Liangzi Lake (3 collection sites, 100 turions per site). These turions have been on the
sediment for at least 2 months. The water depths at the collection sites were 0.5 to
1.2 m, the sediment compositions were 2.35-2.88 mg g~ ' TN, 0.10-0.15 mg g~ ' TP,
9.33-12.18% organic matter, 1.20-1.66 g cm ™ bulk density and 40-72% water
content, and the sites were covered with monospecific stands of P. crispus. The 300
turions were kept in a greenhouse in containers that were filled with fresh lake water
toadepth of 20 cm (water temperature 21.4 = 3.8°C, mean * SE). These turions were
kept for approximately 3 weeks until they pre-sprouted, and 135 turions (turion fresh
weight 1.58 = 0.02 g, mean * SE), each with one healthy plantlet (plantlet length: 7 to
10 cm), were selected for the subsequent experiment.

Experimental design. This experiment was conducted outdoors from 22 November
2011 to 10 August 2012. At the beginning of the experiment, the selected sprouting
turions were cultivated in 25-cm-deep muddy substratum (2.75 mg g™~ TN, 0.10 mg
g ' TP, 10.53% organic matter, 1.33 g cm > bulk density and 57% water content) that
was extracted from Liangzi Lake with three water nutrient and two plant density level
treatments. Each treatment was replicated three times (n = 3), with 45 turions per
variant within one repetition. All of the turions were cultivated in fiberglass tanks
(depth 100 cm (gap); 785 L, 18 tanks in total). Three different water nutrient
treatments were tested: the ambient nutrient treatment used the fresh lake water from
Liangzi Lake (TN 0.83 £ 0.14 mg L' and TP 0.04 = 0.01 mg L' during the
experimental period); the +N treatment, 2.62 g NH,;NOj; added to each tank (with a
water TN concentration of approximately 2.0 mg L™"); and the +P treatment, 0.57 g
KH,PO, added to each tank (with a water TP concentration of approximately 0.2 mg
L™"). The nutrient values for the water nutrient treatments were based on a eutrophic
lake that is approximately 30 km away from Liangzi Lake (Yanglan Lake, 30°00'-
30°06'N, 114°32'-115°05'E) (TN 2.53 + 0.17 mg L' and TP 0.13 % 0.03 mg L™")*.
The nutrient concentrations (TN and TP) of each tank were measured at 10-d
intervals using an IL-500 N nitrogen analyzer and an IL-500P phosphorus analyzer
(Hach Company, Loveland, Colorado, USA). To maintain constant concentrations of
nutrients, NH,;NO; and KH,PO, were added at 10-d intervals after the nutrient
concentrations were measured. Within each water nutrient treatment, two different
turion densities were tested: low density, with 3 turions per tank (equivalent to

4 plants m?), and high density, with 12 turions per tank (equivalent to 15 plants
m™?). These densities approximate those occurring in natural populations of P.
crispus in Liangzi Lake (turion density: 3 to 22 m™?).

During the experimental period, under water light intensity and water temperature
were recorded daily at noon (see Fig. 2). The water turbidities (ranged from 0.66 to
1.99 NUT) and water pH values (ranged from 7.6 to 9.6) in tanks were recorded at 10-
d intervals. All parameters were measured at a depth of 20 cm.

Turion harvest. The newly formed turions were harvested when they were mature
and when the aboveground portions of P. crispus decomposed (on 10 August 2012).
Upon collection, the turions were first classified according to the number of scale
leaves, and these turions were then cleaned with light jet water and divided into scale
leaves and stems. The following turion characteristics were measured: number of
turions per tank, number of turions per type, length and diameter of turion stems, and
length and width of turion scale leaves. If the turion number was too large to measure,
80 turions per type were randomly collected for each treatment replicate. All of the
turions were dried at 70°C for 72 h and then weighted to obtain the dry-weight
biomass.

Statistical analysis. All of the experimental data were transformed using the log(x) or
log(x + 1) function to satisfy the conditions of the homogeneity of variance or normal
distribution of the residuals. The transformed data were then analyzed. The turion
number and biomass per plant and average turion biomass were analyzed using a
two-way ANOVA with water nutrients and plant density as the fixed factors. After
harvest, all of the turions had a scale leaf number from 3 to 11. However, turions with
a scale leaf number from 8 to 11 were rare (5 turions in total). Therefore, all of the
turions in our experiment were classified based on a scale leaf number from 3 to 7. The
variances in the morphological traits (i.e., turion stem length, turion stem diameter,
and length and width of turion scale leaf) of the turions with different scale leaf
numbers among the treatments were analyzed using a generalized linear model
(GLM) ANOVA. Duncan’s comparison test was used to test the significance of all the
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Figure 2 | The daily photosynthetically active radiation (PAR) and water temperature during the experimental period (260-day).

above differences (P < 0.05). The data were analyzed using SPSS 18.0 software (SPSS,
Chicago, IL, USA).

Results
During the experimental period, all of the plantlets survived. The
water nutrient conditions significantly affected the total number per
plant of the P. crispus turions (F,,;; = 37.6, P < 0.001), and the
interactions of water nutrient and plant density were significant
(F>,17 = 11.6, P = 0.002). However, the plant density did not signifi-
cantly affect the total number per plant or total biomass of turions
(F1,17 = 2.2, P = 0.160). Under both of the plant density treatments,
the +P treatment significantly increased the total turion number.
However, the +N increased the total turion number per plant only in
the high-plant-density treatment (Fig. 3 A). Under both of the plant
density conditions, the average turion biomass was similar among
the nutrient treatments, whereas the average turion biomass was
significantly increased in both the control (ambient lake water)
and +N treatments under low-plant-density conditions (Fig. 3 B).
The turion size varied among the treatments. Under low-plant-
density conditions, P. crispus grown in lake water and in the +N
environment produced larger propagules (turions with 6 and 7 scale
leaves) than those produced in the +P environment. In addition,
higher percentages of large turions were produced by the plants that
grew in a low-plant-density environment (Fig. 4 and Table 1).
Neither the water nutrient conditions nor the plant density sig-
nificantly affected the stem length of the turions across most of the
turion types that were classified with different scale leaf numbers
(Appendix fig. 1 A-E, Table 2). However, in the low-plant-density
treatment, the lake water and +N treatments significantly increased
the turion stem diameter across all types of turions (except for tur-
ions with 4 scale leaves) (Appendix fig. 1 F-]J and Table 2). In addi-
tion, in most types of turions, the increase in the N and P
concentrations in the water significantly increased the length and
width of the turion scale leaves (except for the length of the scale
leaves on turions with 3 scale leaves). However, the plant density did
not significantly influence the length and/or width of the turion scale
leaves in most of the turion types (Appendix fig. 2 A-J and Table 2).

Discussion

Previous studies have demonstrated that slightly increasing the P
concentration in the water column (0.25 mg L™') only slightly
increased the turion production in P. crispus, whereas the turion
number and biomass were considerably reduced when the water P
concentration was increased to 25 mg L™ 2. However, in our experi-
ment, the increase in the water P concentration (0.20 mg L")

significantly increased the total number of formed turions per plant
in both plant density treatments. These conflicting conclusions
may have resulted from different responses of plants to different
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Figure 3 | Differences in the turion number per plant (A) and average
turion biomass (B) between the water nutrient and plant density
treatments. The data are presented as means * SE (n = 3). The bars with
different letters indicate significant differences among the treatments

(P < 0.05, two-way ANOVA with Duncan’s correction). The data were
transformed using the log(x) function.
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Figure 4 | Percentages of turion number classified with different scale
leaf number under different water nutrient conditions and at different
plant densities (high plant density: open symbols; low plant density: filled
symbols). The different symbols indicate the different water nutrient
treatments (O Lake water, A +P, and [J +N). All of the data were
transformed using the log(x + 1) function.

experimental protocols (e.g., the long-term outdoor experiment in
our study). Appenroth and Nickel® indicated that the timing of
turion formation increased (i.e., took more time to form turion) with
the higher water P concentration. In addition, turion production was
not solely influenced by the N and P concentrations in the water
column but was also dependent on an adequate daily temperature
range and photoperiod®®*. Therefore, a long-term perspective
should be considered when studying the nutrient impacts on the
asexual propagation of submerged macrophytes in future studies.
In the field, however, an increase in nutrient concentrations in the
water column may cause a heavily phytoplankton- and epiphyton-
dominated state, thereby negatively impacting the growth or
propagation of submerged macrophytes®**°. However, in our experi-
ment, the water was relative clear (water turbidities ranged from 0.66
to 1.99 NUT). Neither increase in the N and P concentrations in the
water column influenced the water clarity. The increase in the nitro-
gen concentration of the water did not significantly increase the
turion number per plant at low plant density, which may contribute
to the significant acute biochemical changes in submerged macro-
phytes due to relative high ammonium levels (approximately 0.7 mg
L"), possibly leading to substantial biochemical damage*"** and a
decrease in asexual propagule production.

Sediments are the main nutrient source of rooted macrophytes.
One of our previous studies indicated that under nutrient-poor sedi-
ment (0.74 mg g~' TN and 0.03 mg g~' TP) P. crispus allocated
more biomass to turion fraction and produced more large-sized
turions (>100 mg)*, indicating that under low-nutrient-availability

conditions, the plants decreased their investment in the leaf and stem
biomass, resulting in a decreased supply of resources to growing
propagules, but not to new propagules, and allowing the plants to
produce larger turions®>*. Similarly, results from present experiment
were partly consistent with those conclusions that P. crispus pro-
duced more small sized turions in low-nutrient conditions (in both
water column and sediment). Path analysis from our previous
study® also revealed that leaf and stem biomass of P. crispus had
direct negative effects on total turion biomass, which consequently
affected turion size and number. Unfortunately, we failed to harvest
the P. crispus aboveground biomass in this experiment due to the
aboveground portions decomposition at high summer temperature.
Solid evidence cannot be provided in this experiment that how
nutrients affect the total plant size and consequently affected the
turion size. Therefore, in our future studies, the plant sizes, which
can be estimated by some modern technologies (e.g., photo image
technology), should be thoroughly considered and the different
effects of sediment nutrients and water column nutrients on plant
reproduction should also be considered.

Most previous studies reported that high plant density can cause
growth inhibition in submerged macrophytes, consequently decreas-
ing the asexual propagule size (biomass)>'®. This result was consist-
ent with our finding that P. crispus decreased its individual turion
biomass with the increase in plant density. Wang et al.* showed that
plants from the high-density treatment usually produced less shoot
biomass than did plants from the low-density treatment due to light
and/or nutrient competition. Indeed, it is common for perennial
clonal plants to not produce asexual propagules in habitats with high
plant density because of low asexual propagule survival***’. However,
the turion number and turion biomass were similar between the
different plant density treatments, whereas the interactions between
the water nutrient and the plant density treatments were significant.
Therefore, the effect of plant density on turion formation is a result of
the indirect negative effect that interacted with water nutrient treat-
ments. These results are consistent with previous studies in repro-
ductive allocation>'*. Moreover, the water pH values in high-density
treatments (ranged from 7.8 to 9.6) were higher than that in low-
density treatments (ranged from 7.6 to 8.3) in our experiment. The
water pH value changes may also explain the turion size differences
between different density treatments. Because the high water pH
value condition would reduce the photosynthetic rate in submerged
macrophytes*” and, thus, may also reduce the turion sizes.

The scale leaf number of individual turions varied among the
treatments. Under low-plant-density conditions, the P. crispus plants
grown in an environment with a low water P concentration (i.e.,
ambient lake water and high water N treatments) produced larger
propagules, whereas the plants grown in an environment with a high
water P concentration produced smaller propagules, which was con-
sistent with previous studies of many submerged macrophytes in
sediment nutrients>****. Previous studies pointed out that changes
in the water nutrient concentrations (i.e., N and P) also trigger
changes in the internal C-N metabolism in P. crispus'>*®, which
has a direct effect on chlorophyll synthesis and photosynthesis,

different scale leaf numbers

3 scale leaves 4 scale leaves

Table 1 | A two-way ANOVA of the effects of water nutrient (N) and plant density (D) on ratio of turion number in P. crispus turions of

5 sco|e |edves 6 scq|e |edves 7 scc1|e |ec1ves

Source df F P F P F P F P F P

Water Nutrient 2,17 1.054 0.379 7.187 0.009 0.564 0.583 2919  0.093 4115 0.044
Plant Density 1,17 8.080 0.015 22.954  <0.001 1.291 0.278 9.812 0.009 16.254 0.002
N xD 2,17 2724 0.106 1.516 0.259 0.661 0.534 2967  0.090 4943  0.027

Note: Bold type is used for significant differences (P < 0.05). The data were transformed using the log(x + 1) function.
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Table 2 | A two-way generalized linear model (GLM) of the effects of water nutrient (N) and plant density (D) on turion stem length, turion

stem diameter, scale leaf length and scale leaf width in P. crispus turions with different scale leaf numbers

Sealo loof Turion stem length Turion stem diameter Length of turion scale leaf Width of turion scale leaf

cale lea

number Source df F P df. F P df. F P df. F P

3 N 2,820 0.362 0.696 2,820 30.737 <0.001 2,820 0.398 0.672 2,820 5.455 0.004
D 1,820 6.435 0.011 1,820 57.416 <0.001 1,820 2015 0.156 1,820 10.857 0.001
N x D 2,820 2731 0.066 2,820 26.219 <0.001 2,820 0.253 0.776 2,820 2.361 0.095

4 N 2,873 5394 0.005 2,873 19.750 <0.001 2,873 31.079 <0.001 2,873 17.299 <0.001
D 1,873 <0.001 0.986 1,873 13.386 <0.001 1,873 15649 <0.001 1,873 3.396 0.066
N x D 2,873 2521 0.081 2,873 24941 <0.001 2,873 7.964 <0.001 2,873 2.581 0.076

5 N 2,851 3.524 0.030 2,851 16.194 <0.001 2,851 11.521 <0.001 2,851 16.132 <0.001
D 1,851 0.316 0574 1,851 49776 <0.001 1,851 0.659 0.417 1,851 0.008 0.929
Nx D 2,851 0.234 0792 2,851 23.967 <0.001 2,851 1.403 0.246 2,851 2.151 0.117

6 N 2,493 0745 0476 2,493 4.804 0.009 2,493 6.393 0.002 2,493 8.027 <0.001
D 1,493 0.042 0.839 1,493 26.591 <0.001 1,493 0.414 0.520 1,493 0.394 0.530
N x D 2,493 1.467 0.232 2,493 15431 <0.001 2,493 1.197 0.303 2,493 0.098 0.906

7 N 2,143 0914 0403 2,143 4.488 0.013 2,143 5767 0.004 2,143 5.604 0.005
D 1,143 3.857 0.051 1,143 31.064 <0.001 1,143 5.337 0.022 1,143 5.401 0.022
Nx D 2,143 5163 0.007 2,143 9.691 <0.001 2,143 3.836 0.024 2,143 0.136 0.873

Note: Bold type is used for significant differences (P < 0.05). The data were transformed using the log(x) function.

thereby affecting turion production due to variations in carbohydrate
synthesis'>. However, the direct evidence on such process is limited.

The present study also demonstrated that P. crispus produces lar-
ger turions when under less competition. The survival of a propagule
is key to a plant’s ability to reproduce optimally in various environ-
ments®, as the ability to produce larger turions leads to a higher
probability of survival**. Therefore, it is reasonable to believe that
under high-plant-density environments, propagule development is
constrained due to high intra-specific competition, leading to the
production of smaller propagules®. Under high-plant-density condi-
tions, plants tend to produce more shoot biomass (ie., leaves and
stems) when nutrient levels increase in response to enhanced light
competition®**, which directly reduces turion production and indir-
ectly reduces the turion size and number®. However, our study did
not directly support this and further deeper studies are needed.

Previous studies have demonstrated that P. crispus produced more
and smaller turions under nutrient-rich than under nutrient-poor
conditions'>*. Recent studies have also indicated that turions with
larger sizes produced longer plantlet heights and sprout biomass
than did those with smaller sizes®*>. The turion biomass was used
as an index to indicate the turion size in these studies. However, the
scale leaf number of turions had a more direct correlation with the
turion sprouting abilities”’, which were significantly correlated with
turion morphology. Therefore, the scale leaf number should be used
to classify the turions of P. crispus.

Recent studies have demonstrated that the non-structural car-
bohydrate or soluble protein reserves in the asexual propagules of
aquatic macrophytes could be readily mobilized and used for sprout-
ing or regrowth®~**. Unfortunately, we did not measure the reserve
concentration in the turions of P. crispus. Future studies should pay
more focus on how these reserves in the turion stems are mobilized
and used for the sprouts of P. crispus. In the present study, increases
in the water P concentration and plant density treatment signifi-
cantly reduced the turion stem diameter in most turions with differ-
ent scale leaf numbers. There is evidence that most turions in the field
give rise to only one sprout”. Evidence in other aquatic plants has
demonstrated that large stems increase the survival rate and growth
of stem fragments®>*°. Therefore, the potential establishment abilities
of turions under high P and plant density conditions may decrease
due to the small turion stem size produced under such environ-
ments®’, which may be an adaptive strategy of P. crispus to cope with
severe disturbances (e.g., water nutrient and plant density increase)
in the field.

Conclusions

In the present study, the +P treatment significantly increased the total
number of P. crispus turions per plant under both high and low plant
densities. However, the average individual turion biomass was reduced
due to the increased P concentration in the water column. An assess-
ment of 3210 turion individuals with different scale leaf numbers
revealed that the stem diameters were lower under increased P and
high-plant-density treatments. In addition, most of the scale leaf mor-
phological traits were affected by the water nutrient treatments but not
the plant density treatments across all types of turions.

Some studies have documented that abiotic stresses can influence
the regeneration abilities of asexual propagules by affecting the sizes
of the storage organs®>**. Our results support these findings showing
that increased P concentration and plant density reduce the turion
stem diameters in P. crispus; our results also highlight that the poten-
tial sprouting abilities of P. crispus turions may differ in different
environments. This strategy may contribute greatly to the sprouting
of turions and facilitate the expansion of P. crispus into frequently
disturbed, locally submerged communities.
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