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Abstract

Seed germination is an important reproductive pattern for submerged macrophytes. In order to 
investigate the effects of animal herbivory and water depth on seed germination and seedling survival of 
Vallisneria natans and Hydrilla verticillata, we conducted an in-situ field experiment at 3 water depths 
(0.5, 1, and 2 m) with net and non-net (control) groups in Hangzhou West Lake, China. The results showed 
that the highest germination rates appeared at 1 m water depth and the lowest germination rates appeared 
at 2 m water depth (p<0.05) for both species. The mean time to germination (MTG) values that indicate 
the velocity of germination are greater at 2 m water depth than that at 0.5 m and 1 m water depths for 
both V. natans and H. verticillata. Net protection obviously promoted germination rates of both species at 
0.5 m and 1 m depths, especially for H. verticillata at 1 m (p<0.05). Germination rates of H. verticillata 
were higher than that of V. natans under any treatment (p<0.05). In the control, seedlings of both species 
were greatly grazed by herbivorous animals and the remaining seedling number showed no significant 
difference at different depths (p>0.05). Remaining seedling number in net group was significantly higher 
than that in control group (p<0.05). Grazing rate of H. verticillata was significantly higher than that of 
V. natans in control group at all 3 depths (p<0.05). Conclusively, both water depth and animal herbivory 
significantly influenced germination of V. natans and H. verticillata, and net protection proved to be an 
efficient method that could promote seedling survival for both species in the field.
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Introduction

Submerged macrophytes play a crucial role in shallow 
lake ecosystems by sequestering carbon and nutrients, 
providing habitats for a variety of aquatic faunal 
communities, and stabilizing sediments and shorelines 
[1-3]. Restoring submerged macrophytes can improve 
the ecological condition in eutrophic lakes, making a 
shift from a turbid water state to a clear one [4-5]. In 
natural conditions, most aquatic plants give priority to 
clonal reproduction [6-7], and seed germination is not a 
dominating but still indispensable pattern for reproducing 
submerged macrophytes [8-9].

Although seed germination of terrestrial species 
has been extensively studied, seed germination of 
submerged macrophytes is still rarely concerned  
[10-12]. In fact, seeds of submerged macrophytes have 
been found to play important roles in the formation of 
new gene and genotypes in the present populations [13], 
re-establishing populations after abrupt recession [12, 
14], and long-distance dispersal and long-term dormancy 
of populations [15-16]. For now, submerged macrophyte 
restoration efforts mainly used adult plants introduced 
from other well-grown populations [5, 17], which 
may bring some human-induced destruction to source 
populations. Moreover, the survival ratio of transplanted 
submerged macrophyte cannot be guaranteed and dead 
plants would bring extra pollution to eutrophic lakes. 
Furthermore, such manual transplantation is time-
consuming and laborious. However, seed restoration is 
more straightforward, economical, and environment-
friendly, thus it seems to be a potential alternative choice 
for restoring submerged macrophytes in eutrophic lakes.

In natural conditions, seeds of submerged macrophytes 
are sensitive to ambient environments. Seed germination 
and seedling survival rate can be affected by many 
environmental factors such as temperature, light, salinity, 
oxygen, and sediment composition [12, 18-19]. Water 
depth is a practical factor in nature, which greatly affects 
the distribution and growth of submerged macrophytes 
in conjunction with other factors such as light, waves, 
and water flow [20-22]. Cao et al. (2014) found that 
water depth influenced biomass and chlorophyll content 
of Vallisneria natans, and that 1-1.4 m water depth was 
favorable for plants [23]. A similar result showed that  
1.1-1.6 m water depths were optimal for clonal growth of 
V. natans [24]. However, few studies have investigated the 
effects of water depth on seed germination of submerged 
macrophytes in the field.

It is clear that submerged macrophytes can be 
grazed by a variety of animals, such as herbivorous fish, 
waterfowl, and snails [25-27]. Herbivory is considered 
to be an important factor for structuring aquatic 
macrophyte communities [25]. Herbivorous fish, such as 
grass carp, have been used as a tool for weed control in 
the past around the world [28], and they could efficiently  
reduce and even eradicate entire macrophyte communities 
[29-30]. However, large amounts of herbivorous animals 
are unwelcome during the vegetation restoration period 

due to their great destructive impacts. Krupska et 
al. (2012) suggested that grass carp in shallow lakes 
would lead to a reduction of biomass and diversity of 
submerged macrophytes, as well as the reduction of water 
transparency [31]. Therefore, it is important to evaluate 
the effect of herbivorous animals before restoring 
submerged macrophytes in a degraded lake. Enclosures 
with net were always used to provide a safe and stable 
environment for the recovery of submerged vegetation 
[32-33]. 

In this study, in order to investigate the potential of 
seed restoration in eutrophic lakes, we have considered 
the effects of water depth and animal herbivory on seed 
germination and seedling early growth of Vallisneria 
natans (Lour.) Hara and Hydrilla verticillata (L. f.) Royle 
in a field in-situ experiment. V. natans and H. verticillata 
are both common dominant species in the middle and 
lower reaches of the Yangtze River and are always used 
as pioneer species for ecological restoration due to their 
strong tolerance to pollution, high reproducibility, and 
strong adaptability to the environment. We have set  
2 protection treatments (net group and control group, or 
non-net group) and 3 water depths (0.5, 1.0, and 2.0m) for 
seed germination of both plants. Seed germination rates, 
velocities, and remaining seedlings (after disturbance by 
herbivorous animals) have been counted for analyzing 
the differences among treatments.

Materials and Methods

Study Site 

The in-situ experiment was carried out in Xiaonanhu 
Lake (N 30°13′5″, E 120°8′27″), a sub-lake of Hangzhou 
West Lake in China, which is a world-famous landscape 

Fig. 1. Cumulative germination of V. natans and H. verticillata 
(means ±S.E., n = 3) under different treatments: a), b), c), and d) 
respectively represent V. natans in net group, V. natans in control 
group, H. verticillata in net group, and H. verticillata in control 
group.
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freshwater lake with a water surface area of 6.39 km2 

and had been included in the world heritage list in 2011. 
Since 2003 the government has made a lot of efforts 
to improve water quality and build a healthy aquatic 
ecosystem in West Lake, such as ecological water 
diversion, dredging, and a fishing ban. Meanwhile, 
after implementing the national water project in the 12th 
five-year plan, submerged macrophytes – as an important 
part of a healthy ecosystem – have been restored in 
several sub-lakes of West Lake, including Xiaonanhu 
Lake. The submerged vegetation was restored with adult 
plants and mainly distributed in the littoral zone, where 
water depth is comparatively shallow. Seed restoration of 
V. natans has been tried but failed for unknown reasons. 
According to a 3-month investigation, large amounts of 
fish and snails exist in Xiaonanhu Lake. Herbivorous 
and omnivorous fish like grass carp, crucian carp, and 
common carp accounted for 79.1% of the fish, which 
may threaten the growth of submerged macrophytes, 
especially the tender seedlings. The experiment was 
carried out in the northern part of Xiaonanhu Lake 
as shown in Fig. 1, where the water depth was about  
2.4 m. The water and sediment parameters of the study 
site are shown in Table 1.

Materials and Pretreatment 

In this study, seed pods of V. natans were collected in 
October 2015 and reproductive spores of H. verticillata 
were collected in September 2015 (both from the West 
Lake), wind dried in natural conditions, and reserved 
under 4ºC for subsequent use. Before the experiment, dry 
seed pods of V. natans were put into tap water for 8 hours, 
then seed pods were washed 2-3 times with tap water a 
nd seeds were kneaded out from their seed coats. Seeds 
of V. natans and spores of H. verticillata were both kept 
in 4% formalin disinfection solution for 60 min and then 
rinsed with clean water. Sediments less than 15 cm depth 
of the top surface layer were collected at the study site 
and the corresponding parameters are shown in Table 1.  
In order to remove impurities (benthonic faunas and 

others) and avoid disturbance of the seed bank, sediments 
were wet-sieved through a 2 mm sieve and mixed 
thoroughly to evenly distribute the physical and chemical 
properties. Little plastic buckets (upper diameter 20 cm, 
lower diameter 15 cm, height 15 cm), a nylon net of 1 cm 
pore size, tenuous nylon rope, and an elastic band were 
also used in this field experiment.

Seed Bank Analysis

Prior to the germination experiment, 3 sediment 
cores (depth 25 cm) were taken from Xiaonanhu Lake at 
3 randomly designed sampling sites where water depth 
is more than 1.5 m and a few submerged plants existed. 
The sediment cores were divided into several slices for 
isolation, identification, and germination trials according 
to Rodrigo et al. (2010) [34]. Nearly no obvious seed or 
propagule has been found and no germination has been 
observed from the sediment.

Experimental Setup

The experiment was based on a 2×3 factorial design 
with 2 groups (net group and control group, or non-net 
group) and 3 water depth gradients (0.5 m, 1.0 m, and 
2.0 m) in Xiaonanhu Lake in-situ. Each treatment was 
conducted with 3 replicates. Each plastic bucket filled 
with 5 cm thick of homogeneous sediment was evenly 
planted with 25 spores of H. verticillata (or 50 seeds 
of V. natans) on the sediment surface. In the net group, 
the upper side of the bucket was covered with nylon net 
affixed using an elastic band. All the buckets were put 
into designed water depth using tenuous nylon rope and 
fixed to stakes nailed in Xiaonanhu Lake in advance. 
Germination was monitored by boat until no more new 
buds were observed for 5 consecutive days.

All the buckets were labeled and checked every  
2 days. The number of germinated seeds and spores in 
each bucket were counted. The seeds and spores were 
considered as germinated when the bud emerged from 
the seed coat. In the control group, seedlings less than 

Water parameters Sediment parameters

TN (mg/L) 2.2±0.12 TN (mg/g) 6.62±0.33

AN (mg/L) 0.032±0.006 TP (mg/g) 2.21±0.09

Nitrate-N (mg/L) 2.12±0.12 pH 6.85±0.25

Nitrite-N (mg/L) 0.044±0.006 ORP (mv) 123.4±6.63

TP (mg/L) 0.015±0.003 OSC (%) 4.32±0.19

Chl-a (mg/L) 4.55±0.23

CODCr 28.23±3.6

SD (m) 1.5±0.23

TN: total nitrogen, AN: ammonia nitrogen, TP: total phosphorus, SD: Secchi depth, ORP: oxidation-reduction potential, OSC: 
organic substances content

Table 1. Water and sediment parameters (means ±S.E., n = 3) in Xiaonanhu Lake during the experimental period. 
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2 cm after grazing by animals were considered to have 
been eaten, and the remaining seedlings in each bucket 
were counted. The velocity of germination was calculated 
using the MTG index: 

MTG = ∑(ni × di)/N 

…where ni is the number of seeds germinated at day i, di 
is the incubation period in days, and N is the total number 
of seeds germinating in the treatment [35]. Grazing rate 
was defined as the ratio between the number of eaten 
seedlings and the number of germinated seedlings in 
each bucket. The experiment was started on 15 April 
and seed germination and seedling survival situation was 
monitored for 50 days.

Data Analysis

All data in the figures and tables were presented 
as means±S.E. and were arcsine transformed before 
statistical analysis to ensure homogeneity of variance. 
Effects of water depth and net protection on germination 
and seedling survival of the two species were analyzed 
using one- and two-way analysis of variance with SPSS 
for windows, version 21.0. Post-hoc comparisons for all 
analyses were made with Tukey’s HSD test. 

Results

Effects on Final Germination

Net protection and water depth both significantly 
(p<0.05) influenced the final germination of V. natans 
and H. verticillata, and their interaction significantly 
(p<0.05) influenced the final germination of 
H. verticillata. The specific order of water depth in favor 
of seed germination of both species was 1 m > 0.5 m > 
2 m. The final germination rates in the net group were 
higher than in the control group at 0.5 m and 1 m water 
depths. For V. natans, germination rates were significantly 

lower at 2 m water depth in both net and control groups. 
For H. verticillata, germination rates were significantly 
higher in the net group than that in the control group at 
1 m water depth (p<0.05), and germination rates were 
significantly lower at 2 m water depth than at other water 
depths (p<0.05). Final germination rates of H. verticillata 
were significantly higher than that of V. natans under all 
treatments (p<0.05; Table 2).

Effects on Velocity of Germination

Seeds of V. natans started to germinate after 
cultivating for 14-18 days, and spores of H. verticillata 
started to germinate after cultivating for 10-16 days  
(Fig. 3). Both V. natans and H. verticillata showed a 
later initiating time at 2 m water depth than that at 0.5 m  
and 1 m water depths (Fig. 1). Under 2 m water depth 
in the net group, the MTG values were significantly 
bigger than other treatments for both species (p<0.05). 
The MTG values of H. verticillata were systematically 
lower than that of V. natans at both 0.5 m and 1 m depths 
(p<0.05), while no significant differences had been found 
at 2 m water depth (Table 2).  

Final germination (%) MTG (d)

Treatment V. natans H. verticillata F-value V. natans H. verticillata F-value

0.5 m net 50.7± 4.9ab 62.7± 2.4b 6.9* 21.0± 0.6b 16.5± 0.9b 18.7*

0.5 m control 34.7± 2.4b 56.7± 3.7bc 23.6** 21.2± 0.7b 16.7± 1.0b 14*

1 m net 60.7± 5.2a 81.3± 3.1a 11.4* 19.3± 0.5b 15.9± 1.1b 8.2*

1 m control 48.7± 4.9ab 65.3± 3.5b 6.8* 20.8± 1.0b 16.1± 0.6b 14.9*

2 m net 4.0± 1.5c 45.3± 2.6c 165.1*** 25.0± 0.7a 21.8± 1.0a 6.6

2 m control 4.0± 0.6c 48.0± 3.6c 122.5*** 22.0± 0.5ab 21.7± 1.0ab 0.08

Values in the table are means ±S.E., n = 3; different letters indicate that means are significantly different in the columns  
(Tukey’s test, p<0.05); F values of one-way analysis of variance between V. natans and H. verticillata are shown in the table; 
* p< 0.05. ** p< 0.01. *** p<0.001

Table 2. Final germination and MTG values of V. natans and H. verticillata.

Fig. 2. Final grazing rate of V. natans and H. verticillata (means 
±S.E., n = 3) in control group; different letters indicate significant 
differences between treatments (p<0.05).
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Effects on Seedling Survival

Seedlings of V. natans and H. verticillata in control 
group were eaten or destroyed by herbivorous animals 
in the whole germination process. At the end of the 
experiment, in the control group, grazing rate of  
V. natans at 1 m water depth was significantly higher than 
that at 0.5 m and 2 m water depths, as was H. verticillata. 
And grazing rate of H. verticillata was systematically 
higher than that of V. natans at all 3 water depths (Fig. 2). 
Net protection seemed to be an efficient way to maintain 
seedling survival as the number of remaining seedlings 
of both species in the net group were significantly higher 
than that in control group (p<0.05), except for the 
remaining seedling number of V. natans at 2 m water 
depth. Remaining seedling numbers of H. verticillata in 
control group showed no significant differences among 
different water depths (p>0.05; Fig. 3).  

Discussion

Growth and distribution of submerged macrophytes 
was affected by many factors, such as nutrients, substrate 
type, water movements, light, temperature, grazing 
pressure, and epiphyte loading. In many shallow lakes, 
such as Taihu, Donghu, and Hangzhou West, distribution 
of submerged macrophytes was prominently restricted by 
water level, which was supposed to be mainly related to 
light attenuation in the water column [36-37], although 
other factors such as temperature and hydrostatic pressure 
can also have great influence [19, 38]. Previous studies 
about the effects of water level on seed germination of 

submerged macrophytes were mainly conducted in the 
laboratory, and the mechanisms of seed germination 
at different water depths in the field are not yet well 
understood. In this field study, we found that 1 m water 
depth was more favorable for seed germination of  
V. natans and H. verticillata compared to 0.5 m and 2 m 
depths. Both species showed lower germination rates at 
2 m, especially V. natans. Some researchers found that 
V. natans had a lower light compensation point compared 
to H. verticillata and preferred to live in a weak lighting 
environment [39-40]. But this may be just suitable for 
mature plants, not seed germination and growth of the 
budding seedlings. There are also researchers who argue 
that aquatic species that produce minute seeds require 
more light for seed germination in general [41-42]. So, 
light deficiency may be the reason for lower germination 
rates at 2 m water depth for V. natans, although few 
studies have focused on the effects of oxygen availability 
on seed germination. Ke and Li (2006) found that 
anaerobic conditions could accelerate seed germination 
of V. natans [11]. Similar results have been reported for 
Zostera marina and Zostera capricorni [43-44]. Waves 
on the lake’s surface also could create disturbances on 
seed germination and the establishment of seedlings [21]. 
At 1 m water depth, dissolved oxygen content in water is 
lower than that at 0.5 m water depth, and disturbances by 
waves are smaller, which may be the reason for greater 
germination rates at 1 m water depth for both species. 
The MTG values of both species at 2 m water depth were 
greater, indicating that seed germination was delayed due 
to unfavorable environments at deeper water depths [45].

Although seed germination and seedling survival of 
terrestrial plants were greatly influenced by herbivory 
among terrestrial species [46-47], little is known about 
the effects of animal herbivory on seed germination of 
submerged macrophytes. In this study, a net was used 
to provide protection for seed germination and seedling 
survival of V. natans and H. verticillata in the lake. Net 
protection significantly affected final germination rates 
of both species (p<0.05). Compared with the control 
group, germination rates of the net group were promoted 
for both species at 0.5 m and 1 m water depths. Except 
for animal interference, net protection also decreased 
the effects of water flow and waves, which were proven 
to be of great influence on reestablishing submerged 
macrophytes [48-49]. According to field observations, 
some seedlings of both species were grazed or destroyed 
by fish and shrimp in the control group. Seedling  
grazing rates of H. verticillata were significantly higher 
than that of V. natans at all 3 water depths in the control 
group. Previous studies demonstrated that different  
plants have different palatabilities for herbivorous  
animals [50-51]. Sun et al. (2015) demonstrated that 
H. verticillata had better palatability for herbivorous 
animals than V. natans [52], which was consistent with 
the results of this study. Compared to the net group, 
significantly fewer remaining seedlings survived in the 
control group for both V. natans and H. verticillata, 
indicating that the net could efficiently protect seedlings 

Fig. 3. Remaining seedling number of V. natans a) and 
H. verticillata b) (means ±S.E., n = 3) in net group and control 
group at 3 different water depths; bars with different letters 
indicate significant differences between columns (p<0.05).
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of both species from herbivorous animals. Kloskowski 
(2011) and van der Wal et al. (2013) demonstrated that 
the enclosure could efficiently reduce the direct impacts 
of herbivorous fish on submerged macrophytes in 
restoration, which was consistent with the results in this 
study [53-54].

Conclusion

In this study, water depth and animal herbivory 
showed great influence on seed germination and seedling 
survival of V. natans and H. verticillata. Both species 
showed the highest germination rates at 1 m water 
depth and the lowest germination rates at 2 m water 
depth – especially that of V. natans. Net protection 
could efficiently protect seedlings from being grazed 
by herbivorous animals, and seedlings of H. verticilata 
have a better palatability for animals than seedlings of  
V. natans. Therefore, animal herbivory should be taken 
into account before trying to restore and maintain a 
healthy submerged vegetation community in degraded 
lakes.
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