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Natural water hydrodynamic conditions play an important role in the nutrients transport among water, 
soil and plants. Meanwhile, aquatic plants affect the water flow characters and pollutants purification 
capability. However, there are limited studies on how these conditions affects the nutrient uptake and 
physiological response of aquatic plants. From May 18 to June 28, 2007, a kind of submerged plant, 
Vallisneria spiraslis L, was selected to observe the difference in nitrogen accumulation and antioxidant 
system and their changes in both shoots and roots of the plant between hydrodynamic condition (D 
flume) and relative hydrostatic condition (S flume). The results showed that under hydrodynamic 
conditions, the nitrogen accumulation in shoots increased rapidly, and maintained a higher level of 
nitrogen accumulation than that of the hydrostatic flume. Furthermore, in the initial stage of the 
experiment, the total chlorophyll of V. spiraslis in the D flume decreased because of the hydrodynamic 
stress inhibition, while Chl a and b appeared to be a little synthesized in the S flume. Moreover, rapid 
induction in antioxidant enzyme activity occurred in shoots of the plant in the D flume, and the activity 
levels of POD and GSH were significantly higher than those of the S flume. 
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INTRODUCTION 
 
Aquatic plants play an important role in maintaining the 
purification capability of water and the entire aquatic 
ecosystem. They can significantly impact the assimilation 
of pollutants such as nitrogen and phosphorus from water 
by biological absorption or physicochemical adsorption 
(Eriksson et al., 1999; Tong et al., 2004; Haseeb et al., 
2004). Submerged aquatic plants can increase the trans-
parency of water through withholding suspended solids, 
thereby improving water quality of shallow lakes and eco-
system stability (Hou et al., 2006). However, the impact 
of human  activities,  such  as  agricultural  and  industrial  
 
 
 
*Corresponding author. E-mail: ekxr@nju.edu.cn. Tel: +86-(25)-
83786696. 

wastewater discharges, has  accelerated  the  process  of 
eutrophication of water bodies, and led to the degradation 
of aquatic plants (Cao et al., 2004). At the same time, 
various water projects aiming to the governance of anti-
eutrophication, such as water transfer projects, also in-
fluence the growth of aquatic plants through water flows 
and its shearing forces. Thus, concerns have been raised 
on the ecological stability and structural integrity of water 
eco-system. 

Plants can often self-induce reactive oxygen species 
such as O2-, O-, and OH under stresses including cold, 
heat, salt, pH, etc. (Mittler et al., 2004; Pflugmacher et al., 
2004). Over-producing reactive oxygen species in plant 
can cause oxidative damage to proteins, DNA and lipids 
(Apel et al., 2004). Meantime, reactive oxygen species 
can also induce  the  production  of  antioxidant  enzymes  



 
 
 
 
and antioxidants in the plant to mitigate and reduce 
oxidative damage (Blokhina et al., 2003). Therefore, 
scientists measure the content and activity of those 
enzymes to monitor changes in the stress level. Yan et 
al. (1998) investigated the changes in glutathione (GSH) 
level at different nitrogen concentrations in Beta vulgaris 
L. Similarly, Cao et al. (2004) examined the effect of 
increased inorganic nitrogen level on the antioxidant enz-
ymes in Ceratophyllum demersum. Under different con-
centrations of nitrogen and phosphorus, the growth of 
Elodeanut tallii and Myriop hyllum spicatum L. and their 
responses to antioxidant enzymes (CAT, SOD, and POD) 
were also studied by Fan (2007). Wang et al. (2005) 
compared the changes in contents of protein, chlorophyll, 
and activities of peroxidase (POD) and super-oxide 
(SOD) in C. demersum under different nutritional levels 
(medium nutrition, high nutrition, extremely high nitrotion, 
and Hoagland-nutrition media), and found that serious 
impact on the growth appeared at high nutrient concentr-
ations, which reduced its self-defensibility. In addition, 
Fan et al. (2005) characterized the nutrient accumulation 
and distribution in M. hyllum spicatum in varying degrees 
of water eutrophication. These studies have greatly 
advanced the understanding of oxidative stress and 
nutrient accumulation of aquatic plants in water eutrophi-
cation. However, these results are mostly from static 
indoor simulation. Few researches have been done on 
nitrogen and phosphorus absorption and physiological 
responses of aquatic plants under hydrodynamic condi-
tions. 

In fact, the characteristics of many eutrophicated 
shallow lakes are greatly affected by wind, wave, and the 
flow velocity of water entering the lake. In running waters, 
macrophytes can affect nutrient retention by increasing 
the water residence time and by acting as a filter for 
suspended particulate matter (Schulz et al., 2003). While 
aquatic plants purify water by filtering out suspended 
particulates, they also retain particle-adsorbed pollutants 
and enhance the deposition of particulates (Sand, 1998; 
Madsen et al., 2001). Schulz et al. (2003) postulated a 
good estimate of nutrient retention due to sedimentation, 
and found that deposition retained up to 12% of total 
phosphorus load. The hydrodynamic conditions may 
change the growth environment of aquatic plants, affect 
the growth of plants, and therefore impact the absorption 
of nitrogen and phosphorus (Xu et al., 2004). This may 
also alter the adaptability and reactability of the plants. 
On the other hand, bottom shear stress is the major force 
regulating the deposition of particles. Its effect highly 
depends on the flow velocity (Kozerski et al., 1999; 
Wheel et al., 1980), and can be significantly reduced 
when water is flowing through stocks of submerged 
plants. In this situation, particles preferably settle within 
the area, and high retention may occur in vicinity of 
macrophytes stands. This also enhances the settling of 
suspended matter (Sand, 1998). Few studies have 
attempted to quantify the influence of macrophytes on 
sedimentation or re-suspension in running waters.  Vallis- 
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neria spiraslis L is a kind of predominant aquatic sub-
merged plants distributed in Taihu Lake and river courses 
in the downstream of Yangtcz River (Li, 2006). It is a 
perennial wet plant, and has several slim shoots with 10 
to 18 cm long and 0.5 to 1.0 cm wide while it is grown up 
since the mid-day of May. Wang and Bao (Wang et al. 
2008; Bao, 2007) found that V. spiraslis can remove the 
nutrients from static water through plants uptake, and the 
growth of Vallisneria was affected by the level of nutrients 
and its environment factors (Wen et al., 2008; Ma, 2007). 
However, few studies show how running water affects the 
nutrients uptake in V. spiraslis and how it bears this 
stress.        

In the present study, we designed a comprehensive 
approach using two comparative simulation flumes to 
evaluate the physiological characters of V. spiraslis under 
running water. We intended to investigate the effect of 
plant physiological changes and nitrogen accumulation 
under varying water flow velocities. 
 
 
MATERIALS AND METHODS 
 
Experiment facility 
 
Two simulation water flumes, a conditioning water tank, a high 
water tank and two pumps were employed in the experiment. The 
water flumes were made of polyethylene plates. The size of the 
small flume (D) was 2000 × 300 × 500 mm, and the size of the 
large flume (S) was 2000 × 2000 × 500 mm. Water in flume D was 
circulated and regulated by a water pump (a) and a regulating water 
tank (b), while water in flume S was circulated and controlled by a 
water pump (c), a high water tank (d) and a regulating water tank 
(b). The water flow velocities and water quality in flumes S and D 
were continuously regulated by the regulating water tank b. Figure 
1 shows the specific structural setup for the experiment. 
 
 
Treatment conditions and plant material 
 
Because of the difference in cross-section size of the two flumes, 
the flow velocities were significant different, which was measured 
by an acoustic doppler velocimeter (ADV). The depth-mean velocity 
at the middle section of the flume water was 4.81 cm s-1 for the D 
flume and 0.16 cm s-1 for the S flume. Therefore, the water flow 
velocity of S flume was 3.3% of that of D flume, and the difference 
was significant (p < 0.05). The flow in the S flume was supposed as 
static condition, and served as a control for the study. Thus, flume 
D was considered as a moving flume, while flume S was considered 
as static water tank. 

Because the pollution loading, water temperature, pH, dissolved 
oxygen saturation, and other conditions were same in the two 
flumes, they were considered as having the same external environ-
ment conditions. The test results of various parameters during the 
experiments were listed in Table 1. Among them, water tempera-
ture, pH, the percent saturation of oxygen (ODO%), NH4

+-N, and 
NOx

--N were concurrently determined using multi-parameter water 
quality monitors (Model: YSI 6600). 

Samples of V. spiraslis used in the experiment were from the 
lakeside zone of Meiliang Bay of the Taihu Lake. The samples were 
cultured with soil in laboratories of Hohai University for two weeks. 
Plants of healthy growth, uniform in size, and length of 15 to 18 cm 
were selected, cleaned, cultured in 1:10 Hogland nutrition medium 
for 3 d. Vallisneria samples were fixed by a layer (8 cm thick) of 
gravel (gravel diameter 0.5 to 1.0 cm), which had been brushed and 
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Table 1.  Physicochemical properties of water samples collected from the flume D and S 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Data are the means of three values (n=3). 
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Figure 1. Experimental design for hydrodynamic and hydrostatic 
flumes.  
 
 
 
cleaned with tape water, soaked in pure water for 3 d. Water nitro-
gen was prepared using inorganic nitrogen KNO3-N and (NH4)2SO4-
N at the ratio of 1:1, and the initial TN concentration was 60 mg L-1 
as a similar study suggested (Wang, 2008). According to the size 
and volume of the two water flumes at the same chosen depth (h = 
35 cm), the total water volume was calculated to be 1000 L. 
 
 
Plant growth and nitrogen accumulation 
 
Three subgroups of plants from each group were collected, and 
immediately washed with pure water. Shoot and root samples were 
then extracted. Plant growth (fresh weight FW) was measured using 
twelve plants for each cultivar, and recorded according to their 
initial serial numbers. After weighing, external and internal shoots 
were removed, and two typical shoots were used for determining 
nitrogen accumulation. Samples were then oven-dried at 80oC for 
48 h to constant weight (dry weight, DW), and were brought to a 
standard volume with H2SO4 and H2O2. The content of nitrogen was 
determined by the sodium colorimetric method (Turner, 1976). 

Chlorophyll a fluorescence measurements 
 
Prior to the extraction, fresh shoot samples were cleaned with 
deionized water to remove surface contaminants. Chlorophyll 
extraction was carried out on fresh and fully expanded shoot 
materials. One g shoot sample was ground using a pestle and 
mortar, and then extracted by 90% acetone under the dark 
condition. The absorbance at 663 and 645 nm was measured using 
a UV/Visible spectrophotometer (Shimadzu, UV-2450, Japan). 
Chlorophyll concentrations were calculated using the equation 
proposed by Inskeep (1985). 
 

Chl. a (mg ml-1) = 12.72(A663) – 2.59(A645) 

Chl. a (mg ml-1) = 22.88(A645) – 4.67(A663)  
 
A663 and A645 represent absorbance readings at 663 and 645 nm 
wavelengths, respectively. 
 
 
Tissue and enzyme extraction 
 
Fresh shoot or root samples of 1.0 g were extracted in 3 ml of 50 
mM sodium phosphate buffer (pH 7.8) containing 1.0 mmol l-1 
EDTA and 2% (w/v) polyvinylpyrrolidone. The homogenate was 
centrifuged at 5,000 g for 15 min at 4°C, and the supernatant was 
used for the enzyme assays (Zhang et al., 2007). 
 
 
Assay of antioxidant enzymes 
 
POD 
 
POD activity was assayed in a reaction mixture containing 10 mM 
potassium phosphate buffer (pH 7.0), 10 mM H2O2 solution, 20 mM 
guaiacol and 10 �l of crude extract (Chance et al., 1955). The 
reaction started by simultaneously adding H2O2 and guaiacol 
solution, and the activity was determined by monitoring the increase 
of absorbance at 470 nm. One unit of POD activity was defined as 
the amount required to decompose 1 �mol guaiacol min–1 mg–1 FW. 
 
 
GSH 
 
Glutathione reductase activity was assayed according to method of 
Smith et al. (1988) by following the increase in  absorbance  at  412

Temp (°C) pH ODO (%) Nitrate N (mg/L) NH4
+-N (mg/L) 

Date 
D S D S D S D S D S 

05-18-07 24.9 24.6 7.67 7.55 101.2 98.4 30.00 30.49 30.92 29.99 
05-19-07 32.9 32.7 7.71 7.61 104.9 103.5 28.14 28.32 26.64 26.10 
05-21-07 30.1 29.6 7.24 7.24 103.2 99.9 31.6 32.47 23.73 23.43 
05-24-07 27.4 27.1 7.03 7.02 91.1 85.7 33.33 33.20 23.55 23.50 
05-31-07 27.8 27.4 6.37 6.43 104.5 103.9 29.74 29.61 12.94 12.79 
06-07-07 27.7 27.4 6.56 6.49 107.6 101.8 30.36 31.77 6.50 6.42 
06-14-07 27.7 27.4 6.31 6.30 102.2 95.5 31.63 31.49 3.35 3.31 
06-21-07 28.2 27.9 5.96 5.95 105.6 98.5 36.52 37.39 1.90 1.88 
06-28-07 26.3 26.2 6.41 6.49 104.2 103.2 35.80 37.66 1.09 1.12 
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Figure 2. Nitrogen accumulation in shoots and roots of Vallisneria spiraslis L. All the values are mean of 
triplicates±S.D. ANOVA significant at p<0.05. * and ** indicate significant difference between D flume and S flume 
at p<0.05 and p<0.01, respectively. 

 
 
 
nm due to 5,5�-dithiobis-2-nitro benzoic acid (DTNB) reduction by 
glutathione reduced form (GSH) generated from glutathione 
oxidized form (GSSG) (Smith et al., 1988). The reaction mixture 
consisted of 0.1 M sodium phosphate buffer (pH 7.5), 1 mM EDTA, 
0.75 mM DTNB in 0.01 M sodium phosphate buffer (pH 7.5), 
0.1 mM NADPH, and 1 mM GSSG. The reaction started by the 
addition of enzyme extract. The content of GSH was then calculat-
ed according to a glutathione reductase activity standard curve with 
the unite �g g –1 FW. 
 
 
Statistical analysis 
 
The experiments were conducted with a randomized block design. 
Two-way analysis of variance (ANOVA) was performed with all the 
data to confirm the variability of data and validity of results. 
Independent samples T test was used to determine the significant 
difference among the treatments. Correlation analysis was perform-
ed for all the data of experiment duration with respect to change 
between hydrodynamic flume and hydrostatic flume. 
 
 
RESULTS 
 
The characteristics of nitrogen accumulation in V. 
spiraslis at hydrodynamic conditions 
 
Figure 2 shows the comparison of nitrogen accumulation 
in the shoots and roots of V. spiraslis based on unit dry 
weight in the hydrodynamic flume and the hydrostatic 
flume. From Figure 2a, it is evident that there was cha-
racteristic difference in nitrogen accumulation in the shoot 
of V. spiraslis in the hydrodynamic and hydrostatic 
flumes. Nitrogen accumulation in V. spiraslis in D flume 
elevated with time, but exhibited a declining trend after 
the first 7 d until the minimum at the 13th d. After that, 
rapid increase in nitrogen accumulation appeared again, 
and this trend was continued until the end of the expe-
riment. As a whole, the shoot of the plants maintained a 

higher level of nitrogen content in the hydrodynamic 
flume. Compared to S flume, the nitrogen accumulation 
continually increased from 30.31 mg to 44.91 mg N g-1 
(FW) in the shoots in the first week of the experiment, 
accounting for 48.1% increase. This trend was signifi-
cantly slowed down in the second week, but accumu-
lation was enhanced quickly after that, and stayed high 
until the last week of the experiment, when the enhance-
ment was reduced again. Compared to those of hydro-
static control flume, the nitrogen accumulation in the 
shoots of V. spiraslis in the hydrodynamic flume D be-
came sensitive to the changes. The variation of nitrogen 
accumulation responded more quickly than that of S 
flume. About 27 d after the experiment, nitrogen accumu-
lation in the shoot of V. spiraslis was greater than that of 
S flume (p<0.05). 

From Figure 2b, it was evident that the characteristics 
of nitrogen accumulation in the root of the V. spiraslis in 
D and S flumes were also different. The nitrogen was 
gradually accumulated in the root of the V. spiraslis in the 
D flume for the first 27 d, reaching 33.53 mg N g-1 (FW) 
on June 14, and this level was maintained to the end of 
the experiment. For the S flume, the nitrogen accumula-
tion in the root varied in the second week (May, 24). It 
first appeared some decrease, and then became increa-
sing, even reaching a higher level than D flume on June 
14 (p<0.01). 

It is evident that the shoot of V. spiraslis is profoundly 
affected by the running water. The variation of nitrogen 
accumulation per unit dry weight in the hydrodynamic 
flume was greater than that of hydrostatic flume. Further-
more, the nitrogen accumulation was maintained at a 
higher level than the hydrostatic flume within 2 weeks of 
the experiment. The root of V. spiraslis showed a strong 
resistance to the hydrodynamic condition, and did not 
show much stress inhibition during the experiment period, 

* 

* 

** 

** ** 

* 
** ** 

** ** ** 

** 
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Figure 3. Comparison of variations of chlorophyll in Vallisneria spiraslis L shoots. All the values are mean of triplicates±S.D. 
ANOVA significant at p<0.05. * and ** indicate significant difference between D flume and S flume at p<0.05 and p<0.01, 
respectively. 

 
 
 
characterized by continuous increase of nitrogen 
accumulation. 
 
 
The variation of chlorophyll 
 
The variation of chlorophyll a, b, and a + b in D and S 
flumes exhibited significant decrease in the first 3 d. That 
loss was quickly recovered, and the contents of chloro-
phylls continually advanced before they were again 
lowered at the end of the experiment. The obvious 
difference of chlorophyll changes in V. spiraslis shoots 
between the hydrostatic flume and hydrodynamic flume 
was that, in the static flume, the contents of Chl a, Chl b, 
Chl (a + b) at the second day were a little greater than the 
initial value (p>0.05), while those of hydrodynamic flume 
were declined rapidly in 2 d, suggesting that the flow of 

water inhibited the synthesis of chlorophyll in V. spiraslis 
L. From Figure 3, Chl a content in shoots of V. spiraslis in 
D flume 3 d after in the beginning of the trial was 
decreased by 62.4%, followed by an upward trend on 
May 24 reaching 0.036 mg/g on June 14. On the 31st d, 
the content of Chl a began to decline. At the end of the 
experiment, however, the content of Chl a in the 
hydrodynamic flume was greater than that in the static 
flume (p<0.05). The variation Chl b and Chl (a + b) of V. 
spiraslis shoots in the of D and S flumes was similar to 
the variation of Chl a (r=0.972 and r=0.998). 

In general, the ratio of Chl a / Chl b in both D and S 
flumes slightly declined with a few fluctuations on May 31 
and June 21 (Figure 3c). Compared to the S flume, the 
chlorophyll ratio Chl a/b of V. spiraslis shoots in the D 
flume was slightly lower than that of S flume at the first 27 
d, and the difference was minimized after that, except  for 
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Figure 4. Variation of POD in shoots and roots of Vallisneria spiraslis L. All the values are mean of 
triplicates±S.D. ANOVA significant at p<0.05.  * and ** indicate significant difference between D flume and S 
flume at p<0.05 and p<0.01, respectively. 

 
 
 
the significant difference on June 28 when the experi-
ment was complete (p<0.05). This further demonstrated 
that V. spiraslis shoots were sensitive to the dynamics of 
water, characterized by initial growth inhibition and then 
recovery at the later part of the experiment. This behavior 
was consistent with the characteristics of enhancement of 
nitrogen uptake and accumulation of V. spiraslis shoots 
on June 14 (Figure 2). 

As a result, changes in V. spiraslis chlorophyll are gen-
eral agreement between the hydrodynamic and hydro-
static flumes during the experiment period. However, for 
the second day in the S flume, Chl a, and b showed a phen-
omenon of assimilation, and their values were little higher 
than the initial values. Besides these, the other values were 
evidently lower, indicating that V. spiraslis shoots were 
significantly affected by excessive nitrogen and water 
flow. 
 
 
Response of POD activity 
 
Figure 4 shows the variation of V. spiraslis POD with 
time. The variation of POD antioxidant enzyme activity in 
the shoot of V. spiraslis within the period of 40 d in both D 
and S flumes can be summarized the initial inductive 
enhancement, and then inhibitive decline, followed by an 
overall restoration to increase. In the early stage, the 
POD activity in the D flume was significantly higher than 
hydrostatic S flume. For example, the POD activity in V. 
spiraslis shoots in the D flume was rapidly increased in 
the first day, while the POD activity of the S flume was 
enhanced gradually over the period of 3 d. This implies 
that, under running water condition, the shoot of the V. 
spiraslis can urgently adjust its peroxidase systems in 
order to reduce lipid peroxidation, and release membrane 
damage. 

Figure 4b shows the variation of POD in the root of the 
V. spiraslis. For the D flume, POD activity in the under-
ground part of V. spiraslis was not affected in the first 
day, but it rapidly increased in the third day, reaching 
39.6 units mg-1 protein. After that, the activity was inhi-
bited, and gradually declined. On June 21 (33th d), how-
ever, the activity increased again. For the control S flume, 
the POD activity in the root of V. spiraslis stayed enhan-
cing in the first 13 d, followed by inhibition and a rapid 
decline. This status was maintained for two weeks until 
some recovery occurred. Up to June 28, the POD activity 
was slightly elevated. 

Comparing Figure 4a to 4b, it can be concluded that 
the variation of POD activity in shoot and root was quite 
different.1) The activity levels in the shoot were consis-
tently higher than those of the root in the whole duration. 
2) POD activity in the shoot of the D flume rose rapidly to 
the maximum value on the first day, but that of the root 
reached the highest value on the third day. Furthermore, 
a recovery increase appeared in the shoot on June 14 
(27th d), while such increase for the root occurred on 
June 21(34th d). The root seemed to be relatively less 
responsive than the shoot, but the overall variation was 
basically same. 3) For the S flume, significant difference 
was observed between the shoots and roots. The shoot 
was basically under activity induction, and demonstrated 
a trend of gradual increase during the experiment, while 
the underground part exhibited stress-induced inhibition 
in the later stage of the experiment. 
 
 
Response of GSH 
 
From Figure 5, glutathione in both D and S flumes was 
induced to  varying  degrees.  The  GSH  contents  in  the 
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Figure 5. Variation of GSH contents in shoots and roots of Vallisneria spiraslis L. All the values are mean 
of triplicates±S.D. ANOVA significant at p<0.05. * and ** indicate significant difference between D flume 
and S flume at p<0.05 and p<0.01, respectively. 

 
 
 
shoots of V. spiraslis in D flume were inductively 
enhanced. After 3 d, GSH content was decreased, and 
formed stress-related inhibition. This status was 
maintained until June 14 (27th d) when the GSH contents 
resumed the rising trend (Figure 5). Moreover, compared 
to those of the D flume, the GSH content in shoots in the 
hydrostatic flume S were significantly low, especially in 
the first testing day, and 27 d later (p<0.01). However, the 
overall trend of the changes was similar (r=0.753). In 
general, the GSH contents in the roots of V. spiraslis 
were greater than those of shoots (Figure 5b). The GSH 
contents in the root of the V. spiraslis in the D flume 
varied much more extensively than those in the S flume 
in the first 6 d, and stayed in a relatively high level after 
27 d with little variation. 

Results show that changes in antioxidant enzyme 
activities in the plants were significantly influenced by the 
running water. Active hydrodynamic conditions resulted in 
rapid increase of POD and GSH activities in the shoot of 
V. spiraslis. This level was maintained by the plant 
through self-regulation to retain a level higher than that of 
the hydrostatic system, in order to reduce the cell 
membrane damage in plants. 
 
 
DISCUSSION 
 
Nitrogen is a necessary nutrient for plant growth. 
However, plant’s nitrogen absorption and accumulation 
was often affected by the environmental conditions, 
nutrient concentrations, hydrodynamic characteristics etc. 
(Ye et al., 2007). The results of this study indicated that, 
under the same external environment conditions, the 
difference in the hydrodynamic characteristics had an 
obvious impact on the nitrogen uptake and accumulation 
process in V. spiraslis shoots and its roots. For example, 

the nitrogen accumulation in V. spiraslis shoots in the 
hydrodynamic D flume increased much more than that of 
the control S flume in the initial days, and the difference 
kept throughout the later stage of the experiment. The 
reason may be that larger numbers of oxygen bubbles 
produced by shoot photosynthesis adhered to the surface 
of shoots, and baffled the direct contact between shoots 
and the nitrogen and thus decreased nutrient absorbing 
process in S flume. While, in D flume, the running water 
flow destroyed these bubbles and reduced this impact. 
Similarly, Xu et al. (2004) found that the nitrogen uptake 
of asparagus under water flow rate of 160-175 L h-1 within 
12 h was 18.3-24.3% higher than that in static water. This 
conclusion was consistent with ours and also indicated 
that the flow velocity had an important influence on the 
nutrient absorption and plant growth. 

In the later stage of our experiment, the nitrogen accu-
mulation in V. spiraslis shoots in both D and S flumes 
maintained a relatively high level, suggesting that plants 
had a limit to absorb and accumulate external sources of 
nitrogen. It is because that more energy is needed to 
keep higher nitrogen level in plants, and the excessive 
nitrogen perhaps induces larger quantity of active oxy-
gen, damaging to the plants themselves. Moreover, using 
1-105 mg L-1 nitrate for C. demersum for 4 weeks, Best 
(1980) found that its nitrogen content was stabilized 
around 4%. This result was similar to our results. 

During the experiment period, the nitrogen accumu-
lation in the root of V. spiraslis was kept an increasing 
trend. This trend was particular evident for the hydrody-
namic flume D. It implied that the hydrodynamics did not 
produce significant effects on the growth of its root, and 
therefore it did not significantly affect the nitrogen 
accumulation in the root of the plant. It may attribute to 
the roots all buried in the gravel layer of flume bottom, 
thus decrease the  effects  of  hydrodynamics  of  running 
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water. Ye et al. (2007) studied Vallisneria natans for 45 d, 
and found that the plant biomass was continuously 
enhanced over time. In our study, however, the nitrogen 
accumulation in the root of the V. spiraslis exhibited 
accumulation suppression on the 6th to 13th d in the 
hydrostatic S flume, with the increase trend of the shoot 
in this period, correspondingly. This phenomenon implies 
that there is some degree of inhibition in the shoot of V. 
spiraslis in the hydrodynamic D flume, but had no signifi-
cant impact on the root form the 6 to 13th d. However, 
the mechanism of this behavior needs to be further 
investigated. 

Normally, the present study demonstrated significant 
loss of pigments along with the whole period of this 
experiment, except in S flume of the second day. The 
significant decrease of Chl a and b during the experiment 
indicated that there were severe suppression on the 
shoot tissues of V. spiraslis, witnessed by the chlorosis 
and the reduction of biomass of the shoots in D flume. 
The water flow was due to existence in two readily inter-
convertible oxidation states that made it highly reactive, 
which could catalyze the formation of free radicals that 
damage photosynthetic apparatus (Davi et al., 1998; 
Vajpayee et al., 2005). It may also catalyze the degrada-
tion of proteins through oxidation modification and 
increased proteolytic activity (Romero et al., 2002). 
While, the contents of Chl a, b in shoots of D flume 
decreased remarkably, but increased a little in S flume in 
the second day, indicating strong sensitivity of the shoots 
to hydrodynamic conditions. The reason of this may be 
that the flowing conditions stimulate the shoot tissues of 
the plant by water shear stress, and thus interfere in the 
normal photosynthesis process. Meanwhile, strong water 
flow may make the shoots rollback or even overlapped, 
then reduced the synthesis of Chl a and b in D flume. 
While, in S flume, the most of oxygen bubbles adhered 
with shoots protect them from outside water conditions 
and provide them normal growing process at the second 
day. However, Wheel et al. (1980) examine the growth of 
Macrocystis pyrifera and found that the photosynthesis of 
M. pyrifera leave was expected to increase by over 300% 
as the flow velocity was increased from 0 to 4 cm s-1. So, 
the detailed mechanism reasons of these phenomena 
need to be further researched. At the end of our experi-
ment, all the contents of Chl a, b, Chl (a+b), and Chl a /b 
in V. spiraslis in the D flume were greater than those in 
the S flume. This was consistent with the nitrogen 
accumulation in shoots. It can be explained by certain 
degree of recovery of V. spiraslis shoots in the D flume, 
which enhanced the nitrogen uptake.  

Aquatic plants can activate its defense system under 
external stresses, induced by various antioxidant enzy-
mes. Excessive nutrients, such as nitrogen, phosphorus, 
etc. can induce plants’ antioxidant system to remove 
excess free oxidant radicals (Wang, et al., 2006). Wang 
et al. (2002) found that, as water ammonium salt propor-
tion increased the glutamine synthetase (GS) and (POD)  
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activity of Hydrilla verticillata rose. Zhu et al. (2005) 
explored the effect of different nitrogen forms and 
concentrations on V. spiraslis physiology, and revealed 
that stress could induce Vallisneria POD activity. The 
results of this study show that the level of POD and GSH 
activities were all increased at the initial experiment days, 
indicating the excessive nitrogen of 30.0 mg �L-1 ammonia 
and 30.0 mg �L-1 nitrate performing physiological stress 
on V. spiraslis. Furthermore, under the same level of 
nutrition, light, and pH conditions, the POD activity of V. 
spiraslis shoots in flowing water was induced to a higher 
level on the second day, and this relatively higher level 
was maintained until 45 days of the experiment, as 
compared to those in the hydrostatic flume. It suggested 
that flowing water could stimulate POD activity to a high 
level, and therefore reduce lipid peroxidation and mem-
brane damage.  

It has been reported that the existence of high level of 
ammonia in water can cause acidification of water bodies 
(Körner et al., 2001, 2003). In the present study, it has 
been observed that the pH of water declined as decree-
sing NH3 concentration (the correlation coefficient was 
0.94). At the same time, excessive ammonia can produce 
toxic effects to plants. Nimptsch (2007) claimed that 
ammonia stress could induce increases in glutathione 
peroxidase content and catalase activity. Recently, Wang 
et al. (2008) reported that water ammonia content higher 
than 5.6 mg L-1 significantly inhibited Vallisneria chloro-
phyll, inducing the anti-oxidation system. Our results 
showed that, at high ammonia concentrations, chlorophyll 
content of V. spiraslis shoots decreased, while the activity 
of antioxidant enzyme POD and GSH content increased, 
indicating that V. spiraslis had ammonia stress under 
both hydrodynamic and hydrostatic conditions. Moreover, 
the great variations of water POD and GSH contents in 
the early stage of the experiment might be possibly be-
cause of the urgent stress responses from the running 
water stress. The small difference between hydrodynamic 
and hydrostatic flumes during the late stage of experi-
ment might reflect plant’s ecological adaptability. 

Glutathione (GSH) is a part of antioxidation system of 
plants. They protect cell membranes through GSH pero-
xidase system and GSH reductase to inhibit lipid peroxi-
dation. They can greatly enhance the response under a 
major stress (Giblin, 2007). In the present study, GSH in 
shoots and roots of V. spiraslis was induced, charact-
erized by a higher level of GSH in the hydrodynamic 
flume than the hydrostatic flume. This indicated that 
under the same conditions, the hydrodynamic water was 
far more effective in inducing V. spiraslis antioxidant sys-
tem than the hydrostatic water. A long-term high nutria-
tional stress might inhibit plants’ growth and suppress 
their resistance (Yan et al., 2007). Therefore, in the 5th 
and 13th d of the beginning of the experiment, GSH 
levels for both hydrodynamic and hydrostatic flumes were 
significantly decreased and stayed in a low level. After 
that, GSH has emerged to increase, especially in the root  
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systems, of which GSH level in both hydrodynamic and 
hydrostatic conditions demonstrated a higher level in the 
later stage of the experiment. This may be because of a 
higher activity of glutathione reductase in roots, which 
can restore oxidized glutathione to rapidly regenerate 
GSH and thus protect the plants. 
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