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Summary 

 

The flooding resistance, plant reaction to changes in flooding and waterlogging periods as 

well as the plant species capability to stabilize the riverside with differently thick new 

sediment layers has been investigated by analyzing growth parameters, soil cover, mitigation 

of soil runoff, oxygen, root exudates and carbohydrate contents. The different plant growth 

forms (i.e. tussocks vs. creeping) as well as the root length after the growing period of 12 

weeks showed an effect on the soil runoff. Under flooding conditions prior to dam 

construction with flooding in the summer the examined species showed a growth pattern that 

might be affected by the new flooding rhythm in the Three Gorges Reservoir with the 

flooding time during autumn and winter. All species were able to provide soil protection as 

found in populations at the riverside after 12 weeks of growth. The soil runoff could be 

reduced by more than 63 % compared to bare soils. A. anomala showed the highest growing 

rates and invested about 1/3 of its biomass in roots. Also C. dactylon with low concentration 

of roots, smaller leaves and lower soil cover was able to mitigate erosion efficiently. Still, 

A. anomala showed the best allocation and growth parameters and provided soil protection 

without new sediment layer very efficiently. When covered with 5 cm, 10 cm and 18 cm new 

sediments A. anomala reacted most slowly to the recovery from new sediments, while 

H. compressa had the highest recovery rates. The latter could produce 24 times of the initial 

root length and 41 times its original leaf surface during the growth period of 12 weeks. 

C. dactylon showed no significant changes in growth in relation to the sediment thickness, 

which means that even 18 cm of new sediments were tolerated. Compared to other species 

A. anomala was less capable of stabilizing new sediments. The soil protecting abilities of 

H. compressa decreased after more than 10 cm of new sediments. C. dactylon showed the best 

soil retention compared to the other species examined, since it could reduce the soil runoff up 

to 87 %. C. dactylon was found to be significantly better for soil-protection with new 

sediments than A. anomala and H. compressa at the conditions at the Three Gorges Reservoir. 

Under flooding conditions A. anomala and H. compressa continued to grow slowly up to 

9 weeks after flooding. Thereafter they had decreasing specific root lengths which indicated 

that they transferred energy to their roots to stay dormant during the rest of the flooding. In 

autumn, both species showed an intensive root growth under waterlogging.  
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After 12 weeks growing under waterlogged conditions A. anomala produced 3.5 times and 

H. compressa 4.5 times the root length compared to the control plants. Furthermore the 

waterlogged plants had significantly more fine roots than the control plants. When the 

experiment was repeated in summer, H. compressa showed no significant differences in the 

root length in both treatments. In addition the waterlogged roots of H. compressa had 

significantly more fine roots. Summer grown A. anomala showed lower root lengths under 

waterlogged conditions and no differences in the root diameter distribution compared to 

control plants. It could be illustrated that carbohydrate contents were comparable in both 

species under waterlogged and control conditions in summer. 

Furthermore both species produced aerenchyma autonomously and were able to oxidize the 

soil in their rhizosphere. Also they were able to build adventive roots under flooding. The 

waterlogged plants had 50% higher concentrations of organic acids in the rhizosphere. 

C. dactylon had significant fewer roots in its waterlogged plants. The roots did not show any 

significant growth. In addition no visible oxidation occurred in C. dactylon rhizosphere and 

no higher concentration of organic acids in the rhizosphere of the waterlogged C. dactylon 

could be observed. 

 

C. dactylon and A. anomala showed the best soil protection abilities of the investigated plant 

species. Furthermore A. anomala showed the advantage to have an ongoing growth under 

waterlogging and form a dense root system. C. dactylon on the other hand could regrow and 

stabilize open soils fast and cope best with overlaying with new sediments caused by the 

reduced water flow velocity in the Three Gorges Reservoir. It is also the fastest growing of 

the three species investigated under the new conditions in the study area. Even with less leaf 

surface and root length it stabilizes the soil better than H. compressa. This may be caused by 

its ability to penetrate the soil with new roots and to form many new vegetative shoots in a 

short time. 
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1 General Introduction 

 

1.1 Environmental conditions at the Yangtzekiang and the Three Gorges  

          Reservoir 

 

The Yangtzekiang is the longest river in China and the third longest river in the world. It is 

3600 km long, rises at the glaciers of the Tibetan Plateau in Qinghai, flows eastward across 

southwest, central and eastern China before discharging into the East China Sea at Shanghai 

(Encyclopaedia Britannica). The Three Gorges Dam (Figure 1) is located in Yichang, Hubei 

Province and divides the Yangtzekiang in an upper and a lower part (Figure 3). The Three 

Gorges Dam is the largest hydro-electric power station in the world (Fang et al., 2002). 

 
 

 

Figure 1 The Three Gorges Reservoir in China (N. Tenten) 
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It has got a length of 2335 m and a height of 185 m. It creates a reservoir of 660 km length 

with a storage capacity of 39.3 km3 of water. The intention of the dam is to produce 22.5 GW 

energy (Yan, 2008), protecting the people and the agriculture downstream against floods 

(Gleik, 2009) and to make the Yangtze navigable for 50.000 t ships up to Chongqing (Stone, 

2008; Likui, 2010). With filling the Three Gorges Reservoir a lot of environmental conditions 

change up stream and downstream the dam. The sediment flow is disturbed (Hu et al., 2009; 

Yang et al., 2006). Floods normally occur during the summer. But in the Three Gorges 

Reservoir the water is collected during summer and autumn and will be released in spring. So 

the flooding time changes in the reservoir from summer to autumn and winter (Figure 4). 

 

 

Figure 3 Location of the Three Gorges Reservoir in China (from www.cnn.com/.../yangtze.map.reference)      

 

The lower flow velocity of water in the Three Gorges Reservoir cause lower oxygen in the 

water. Furthermore it causes alge bloom (Ye et al., 2006; Zheng et al., 2006) and negative 

changes in fish populations (Xie, 2003; Xie et al., 2007). 
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Figure 4 Natural water fluctuation of the Yangtzekiang and water regulation in the Three Gorges Reservoir 

(Kuhn, 2006) 

 

In this study special attention has been paid to the changing parameter in the water fluctuation 

zone of the Yangtzekiang in the area of the Three Gorges Reservoir. Usually the flood water 

does not reach 100 meter (Figure 4). With construction and filling of the Three Gorges 

Reservoir the low water level in the Three Gorges Reservoir should be at 145 meter. During 

summer and autumn the flood water should be collected and water level in the reservoir 

should reach 175 m. This level was first reached in October 2010 (Likui, 2010). This means 

that the plants which grew in the area of the new water fluctuation zone had never been 

flooded before. Most of the plants were cliff forest and plants which showed no adaptation to 

flooding. The new flooding times in the Three Gorges Reservoir will furthermore last several 

months. So it is suggested that most of the vegetation will die during the flooding or of post 

flooding stress and hyper oxidation after the flooding (Armstrong et al., 1994; Blokhina et al., 

2003; Colmer and Voesenek, 2009). This has already been observed during the falling water 

level of the Three Gorges Reservoir in the summer of 2009. The flooded slopes during winter 

showed bare soils without any old vegetation. 
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These bare slopes are much more endangered by rain and wind erosion, soil runoff and 

landslides (Liu et al., 2004; Wu et al., 2004; Gyssels, 2005). The Three Gorges already has a 

high inclination. Nearly 50 % of the riverside in the Three Gorges Reservoir have a slope of 

more than 25° inclination (King et al., 2002). These slopes already are highly endangered by 

erosion (Shainberg et al., 1992; Tan and Yao, 2006). Erosion is a process that plays a major 

role in sediment delivery at the hill slope scale. The understanding of this process is essential 

to forecast the sedimental runoff of slopes that enter into the hydrographic network and is 

going to accumulate in the Three Gorges Reservoir. Plant roots have the ability to stabilize the 

soil and to protect it against erosion (Fullen, 1998) and above-ground plant structures work as 

a sediment filter (Li and Eddleman, 2002). Loosing the old vegetation rises danger of erosion 

and land slides dramatically (Jackson and Sleigh, 2000). In addition the huge rise in water 

level caused a lot of geological activity in the Three Gorges. The Number of landslides (Wu et 

al., 2001; Liu et al., 2004; Bai et al., 2009) and mudslides (Ransom 2008; Hai, 2009; Southall, 

2010) rose significantly with the filling of the Three Gorges Reservoir during the last years. 

Connected with the construction of the Three Gorges Dam a lot of constructing activity and 

resettling of whole villages and cities (Jackson and Sleigh, 2000; Tan, 2008) and their 

people’s fields (Lu and Higgitt, 2000) in the Three Gorges Area caused a lot of disturbance 

(Wu et al., 2004) at the riverside. Corresponding to Franken (1998) and Yongan (2003) the 

Yangtzekiang carries more than 500 · 106 t sediments a year.  

Some scientists even report sedimental transports up to 720 · 106 t (Li et al., 2001). Because of 

reduced water flow velocity, it was expected that about 60 % of the sediments will 

accumulate in the Three Gorges Reservoir (Yang et al., 2002; Chao, 2004). This rate should 

decrease and come to a balanced condition within the next 30 years (Jiazhu, 2002). But with 

sedimentation the Three Gorges Reservoir will lose its functions. The water pressure for 

energy turbines will drop the reservoir capacity to keep flood water decrease and big ships 

will get problems to pass sediment shields. So a lot of energy is put in reducing the sediment 

transport into the Three Gorges Reservoir. The Chinese government banned agriculture at the 

riversides, a lot of erosion and landslide control projects have been started and many 

endangered spots were fixed by cementations (Hai, 2009) (Figure 5). The Three Gorges is a 

main tourist attraction and the Chinese government tries to prevent tourists to get an 

impression of disturbed nature (http://www.china-tourism.org). So a natural solution is 

wanted. Therefore the riverside should be planted with soil protecting plants. 
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Figure 5 Riverside of the Yangtzekiang by Yichan in September 2008 

 

But the water level of the Three Gorges Reservoir is changed by the dam. Furthermore the 

dam water management plan considers to collect most of the flooding water and to save it in 

the Three Gorges Reservoir during autumn and winter. Therefore plants at the riversides of 

the Three Gorges Reservoir will have to cope with new and longer floods in autumn and 

winter. So the flooding time is different from summer to winter.  

The flooding time changed from weeks to months (Figure 4). Water temperature is lower 

depending from the time of the year. The oxygen content in the soil and water body will be 

lower induced by lower flow velocity and the sediments carried by the water will accumulate 

in the upper parts of the reservoir. So the plants in the upper part of the reservoir will get 

overlaid by higher amounts of sediments during the flooding. In the Area closer to Three 

Gorges Dam the water will be more clear. So the plants will get less new sediments and more 

sunlight during flooding. 

That means that plants for plantings to stabilize the slopes in the Three Gorges Reservoir have 

to cope with a lot of new environmental conditions in their habitat. Plants that are used have 

to tolerate flooding in winter. In the area of the Three Gorges Reservoir at the upper 

Yangtzekiang the flooding time can take about 3 to 4 months (Chu et al., 2008).  
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So it is important that they have stored nutrients (Laan and Blom, 1989; Schüter and 

Crawford, 2001; Voesenek et al., 2006) at this time and can stay alive during flooding in 

winter. Then they can benefit from the lower water temperatures (Huang et al., 1998; van Eck 

et al., 2006; Das et al., 2009; Ye, 2010). The lower temperature causes lower physiological 

activity during the flooding. That means they need less stored nutrients per flooding time (Ye, 

2010). At least some species may tolerate longer flooding times during winter than during 

summer. On the other hand the selected plant species have to be able to grow fast enough and 

compete against other plants during summer. The selected plant species also has to be able to 

tolerate lower oxygen contents during flooding (Colmer and Voesenek, 2009). In the upper 

parts of the reservoir the floodwater will still be turbid and the plants will get less 

concentrations of light during flooding. They will even get overlaid by new accumulating 

sediment layers much stronger. So in this area plants have to be detected which can regrow 

the new sediments. Just species which can grow out of the overlaid sediments, regrow and 

stabilize it and produce enough biomass and nutrients to survive the next flood with the next 

new sediment layer are useful for plantings. If the plants can not cope with these conditions 

the plantings have to be repeated periodically. 

Closer to the dam the plants will get higher amounts of radiation during flooding and just less 

sediment deposit. There, other species might cope better with this conditions, survive the 

flooding longer and also reduce erosion. 

 

 

1.2 Plant soil protecting ability 

 

Erosion is a huge problem in the Three Gorges Area. Rising erosion detracts the long-term 

productivity of the soil. Pieree et al. (1983) reported that the long-term productivity loss of an 

eroded Minnesota soil was 5 %. But the long-term productivity losses were higher on 

riversides with more than 6°. The riversides are most endangered, when the water level in the 

reservoir is falling. At this time the soil is saturated with water. There are two ways to get the 

water out of the soil again: (1) construction of drainage systems in the soil (Figure 4), 

(2) colonization by plants with high evaporation rates and extensive root systems. Such 

techniques were reported by Cornish (1989) and Fahey and Watson (1991). Kort et al. (1998) 

showed that plants under moisture stress have a 40 % – 45 % lower water extracting capacity 

on severe eroded soil than plants on slightly eroded soil.  
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Furthermore, plant roots have the ability to stabilize the soil and to protect it against erosion 

(Fullen, 1998). Another advantage of riverside protection with plants is the self repairing of 

little damages in the vegetation cover by the growing plants. The knowledge of the soil runoff 

affecting vegetation as a controlling parameter is still rudimentary. Especially in the 

Yangtzekiang several investigations considered sediment transport and channel flow (Li and 

Ni, 2001; Chen et al., 2008; Zhang et al., 2008a). The theoretical bases for the study of 

sediment transport in rill flow have mainly been derived from the concepts developed in 

open-channel flow. In riverside erosion, we are faced with a much wider range of conditions 

like slopes, variations in micro-topography, soil humidity, size and density of particles and 

influence of roots and aboveground plant structures. The aboveground plant structures reduce 

the flow velocity in the water layers close to the ground. The suspended particles in this layer 

are not any more taken with the water by high flow energy. Therefore they can be deposited 

again. The aboveground plant structures also present a direct barrier for bedload transported 

sediments. The roots not only fix the aboveground plant structures in the soil. They also 

stabilize the soil. Furthermore the plant leaves act as a filter and present habitats for fish 

reproduction (Li and Eddelman, 2002; Jacobsen and Berg, 2005) Experiments were set up to 

analyze which of the common plants of the water fluctuation zone influence the soil positively 

in order to stabilize the slopes and reduce erosion in the water fluctuation zone of the 

Yangtzekiang. Furthermore, experiments were set up to analyze which plants that are 

abundant in the water fluctuation zone of the Yangtzekiang have the best ability to stabilize 

the slopes and reduce soil erosion after overlaid by new sediment layers during flooding. It 

was also tested, which species has the best regrowth capacity when being overlaid by new 

sediment layers during flooding.  

 

Hypothesis 

The root length is the main factor for soil stabilization. Plants with higher amounts of roots 

reduce the soil runoff more than plant species with lower amounts of roots. 
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1.3 Plant reaction to flooding and waterlogging 

 

At riversides, plants are adapted to high soil water contents as well as to temporary flooding. 

Waterlogged soils show low concentrations of oxygen up to anoxia and plants developed 

techniques to secure the gas supply to their roots (Drew, 1997; Mommer and Visser, 2005; 

Colmer and Voesenek, 2009). During submergence also aboveground plant parts are cut off 

from the atmospheric oxygen and carbon dioxide supply. In the area of the upper 

Yangtzekiang plants have to tolerate submergence for about three to four months during 

summer and autumn (Chu et al., 2008). With construction and filling of the Three Gorges 

Dam the previous rhythm of water fluctuation in the lower Yangtze River has changed. The 

reservoir water management plan considers to collect most of the flooding water and to store 

it in the Three Gorges Reservoir during winter. Therefore plants at its riversides will have to 

withstand new and longer floods during autumn and winter. Furthermore the flow velocity, 

sedimentation, oxygen concentration in water and soil, water turbidity, flooding rhythm and 

extent of the water fluctuation zone differ in the new Three Gorges Reservoir from the former 

Yangtzekiang. This may change plant composition in the water fluctuation zone. Lower water 

temperature during winter flooding will influence the metabolic activity of the affected plants 

and they will be able to survive longer submergence (Huang et al., 1998; van Eck et al., 2006; 

Das et al., 2009; Ye, 2009). The lower water temperature will also influence the dissolubility 

of gases in water especially regarding dissolved oxygen and carbon dioxide availability for 

plants. Caused by different physiologic responses, some plants in the future may cope better 

with the new conditions at the Three Gorges Reservoir. During submergence, ethylene and 

CO2 accumulate in not photosynthetic active tissues up to toxic levels (Greenway et al., 2006) 

and the photosynthesis gets limited by lacking CO2, light and energy (Mommer and Visser, 

2005). In addition, it is essential for the plants to store carbohydrates in order to survive long 

submergence periods (Bailey-Serres and Voesenek, 2008). Several previous studies 

emphasized the importance of the level of non-structural carbohydrate content and its relation 

to submergence tolerance and ability to recover in periodically anoxic environments 

(Das et al., 2005; Sarkar et al., 1996, 1998; Sauter, 2000; Singh et al., 2001; Vriezen et al., 

2003). Riverside plants developed adaptations like oxygen barriers in roots, radial oxygen loss 

at root tips (Blokhina et al., 2003; Gogging and Colmer, 2005), higher root porosity (Moog, 

1998), aerenchyma and the ability to produce adventive roots (Armstrong et al., 1994; 

Furubayashi et al., 2003).  
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After the construction of the Three Gorges Dam the water fluctuation zone will extent to 

about 45 m (Barber and Ryder, 1990). Thus, plants currently growing in the water fluctuation 

zone will not survive the submergence or the postanoxic stress (Blokhina et al., 2003; Colmer 

and Voesenek, 2009). In consequence a significant part of the slopes at the Three Gorges 

Reservoir will be bare and unprotected against erosion (Wang et al., 2005a). This could 

already be observed in winter 2009 when the water level in the reservoir declined. The 

unvegetated soils are more endangered by rain and wind erosion, soil runoff and landslides 

(Liu et al., 2004; Wu et al., 2004; Wang et al., 2005b). Therefore it is important to find out 

which plant species is suitably adapted to the new environmental conditions at the Three 

Gorges Reservoir to revegetate the slopes.  

This study tested the ability of two perennial, soil-protecting species of the water fluctuation 

zone to withstand submergence during the new, colder flooding time in autumn and winter. 

Special emphasis was put to the biomass development, morphological adaptations, oxygen in 

the rhizosphere and the carbohydrate content of the plants.  

The study question was whether A. anomala is better adapted to submergence than 

H. compressa. It was hypothesized further that the oncoming winter flooding in the altered 

regime in the Three Gorges Reservoir will have less impact on plant performance and survival 

than summer floods. 

 

Hypothesis 

The study question was whether A. anomala is better adapted to submergence than 

H. compressa. Further it was hypothesized that the oncoming winter flooding in the altered 

regime in the Three Gorges Reservoir will have less impact on plant performance and survival 

than summer floods. 

The better adaptation of the two native species A. anomala and H. compressa to waterlogging 

will be mirrored by better performance below ground, independently from the period of 

flooding. 
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1.4 Plant reaction to waterlogging 

 

Under the previous natural flooding conditions, as they occurred in the Yangtzekiang, the 

vegetation in the water fluctuation zone had to withstand permanent changing water levels 

and fast rising summer floods (Chu et al., 2008). In the area of the Three Gorges Reservoir the 

water will stay constant long after the reservoir is filled. Plants at the riverside of the Three 

Gorges Reservoir will have to withstand flooding and waterlogging for longer periods. During 

waterlogging plants have to cope with different stress factors: 

The air-filled spaces in the soil get filled with water. Water has a 104 times slower gas 

diffusion rate than air. Thereby gases like ethylene and CO2 accumulate in the root tissue 

(Ponnamperuma, 1984). Due to low gas transport rates, the soil becomes oxygen-depleted and 

oxygen cannot be taken up for the root metabolism by the roots any more (Armstrong and 

Drew, 2002).  

When the oxygen supply to the root system is not secured, excessive forming of Reactive 

Oxygen Species (ROS) occurs in plants not adapted to flooding (Blokhina et al., 2003; 

Gogging and Colmer, 2005). Most flooding-adapted plants produce oxygen barriers in roots 

to promote oxygen transport to their root tips, where radial oxygen loss takes place (Blokhina 

et al., 2003, Gogging and Colmer, 2005).  

Further adaptations are higher root porosity (Moog, 1998), aerenchyma and the ability to 

produce adventive roots (Armstrong et al., 1994; Drew et al., 2000; Furubayashi et al., 2003 

Jackson and Armstrong, 2008; Shiono et al., 2008). 

The plant roots cannot produce ATP by oxidative phosphorylation in the respiration under 

anoxic conditions. The alternative ATP pathways by glycolysis, fermentation and anaerobic 

catabolism are O2 independent, but much less efficient. As a stress reaction plants produce 

higher amounts of low molecular organic acids which leave the roots as exudates. 

Furthermore the amount of produced ATP cannot cover essential processes (Greenway and 

Gibbs, 2003) and to prevent cellular damages leading to a deterioration of cellular 

components (Gibbs and Greenway, 2003). The plant has to use its carbohydrates to provide 

enough ATP to survive the flooding and waterlogging. Sufficient carbohydrate storage is 

essential for flooded and waterlogged adapted plant species to provide enough energy during 

the flooding or waterlogging period (Bailey-Serres and Voesenek, 2008). 

The redox potential of the soil changes under waterlogging. In soils lacking in oxygen, 

components like Al2+, Fe2+, and Mn2+ can reach toxic levels (Jackson and Drew, 1984).  
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Furthermore, intermediate catabolic products and CO2 produced under anoxia can accumulate 

up to dangerous concentrations in root cells (Greenway et al., 2006). Oxygen release and root 

exudates of pH-relevant substances (H+, O2 and organic acids) influence the soil pH and redox 

potential (Jones, 1998, 2004; Ryan et al., 2001; Hinsinger et al., 2003; Blossfeld et al., 2010). 

Root exudation is positively related to plant health and root growth (Prikryl and Vancura, 

1980). 

In the pristine Yangtzekiang the flooding time was in spring and late summer. In contrary, the 

highest water levels will appear in the Three Gorges Reservoir during the winter time. In 

consequence, riverside plants will have to cope with waterlogging during a different time of 

the year. Waterlogging during winter months has the advantage of lower water temperatures, 

which will enable the vegetation to survive longer periods of waterlogging (Huang et al., 1998; 

van Eck et al., 2006; Das et al., 2009; Ye, 2010). The three investigated species are 

considered for planting in the Three Gorges Reservoir water fluctuation zone in order to 

revegetate (Y. Wang et al., 2005) and stabilize the riversides (Liu et al., 2004; Wu et al., 2004; 

Z. Wang et al., 2005; Xu and Zeng, 2008; Tenten et al., 2010). Whereas most of the plants 

will be submerged during the high levels of reservoir filling, the waterlogging will play also 

an important role and influence the future vigour of riverside plants. The present study, 

investigated which of two native species, A. anomala and H. compressa, can cope better with 

change in the time of year they get waterlogged. In the first experiment in autumn A. anomala 

and H. compressa showed surprising reactions in their root forming. Both species showed an 

intensive root growth under waterlogging conditions in autumn. Therefore the experiment was 

repeated in summer with more measured parameters. Furthermore C. dactylon was added as a 

non - native but common species in the Yangtzekiang water fluctuation zone with a broad 

range of growing conditions (Wu et al., 2006; Wu et al., 2007) and known reactions to 

waterlogging with reduced root growth. 

 

Hypothesis 

Due to the change of time of the year during which the plants will get waterlogged which will 

cause changes in anatomy and growth. 

The two native species A. anomala and H. compressa react to waterlogging with an increase 

in their root growth and a forming of more fine roots. 

 

 



21 

 

2 Material and Methods 

 

2.1.1. Soils 

All plants were planted in pots of 12.8 cm depths and 18 cm in diameter and a soil volume of 

2.5 L. The specific soil mass was 2560 g L-1. The original sediment of the Yangtzekiang was 

used as soil in the pots. The soil was taken from the Yangtze River bank in the area of 

Chongqing city (29°28’31.1 N and 106°31’29.7 E; 213m above sea). It contained mainly fine 

sand (87.8 %) with particle sizes of 0.2 mm – 20 µm. 10 % were sand with particle sizes of 2 

mm - 0.2 mm and 2.2 % were silt and clay with particle sizes smaller than 20 µm. The 

nutrients content of the sediments was very low.  

 

2.1.2 Plants 

All plants were taken form the riverside of the Jailing, a tributary of the Yangtzekiang 

between Beibei and Chongqing. During the first three months several plant species from the 

water fluctuation zone of the Yangtzekiang were collected, identified and tested. Among this 

species were two willows (Salix spec.), a Dogwoog (Cornus spec.), a Horsetail (Equisetum 

spec.), a Knotweed (Poligonum spec.), Aligatorweed (Alternanthera philoxoidses) several 

sedge grasses (Cyperaceae) and grasses (Poaceae) and the endemic Myricaria laxiflora. 

Out of these species those with a permanent root stock, significant amounts of biomass 

(aboveground and in the upper soil layers) were selected and tested in point of their flooding 

resistance. Consecutively the following plant species were selected for further investigations. 

 

     
Figure 6 A. anomala     Figure 7 H. compressa         Figure 8 C. dactylon 
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(1) Arundinella anomala (Steud), Poaceae is native at the riversides of the 

Yangtzekiang (Figure 6). Its perennial culms can reach a heigth of 120 cm with a 

diameter of 1.5 mm - 5 mm and contain 4 - 6 nodes (Clayten at al., 2006). It grows as a 

tussock grass on rocky ground, sediments and loamy soils. 

 

(2) Hemartria compressa (L.f) is a creeping representative of the Poaceae family 

(Figure 7). It grows on soils of any texture providing the adequate moisture. It tolerates 

soils down to pH 4.5, but prefers to grow in pH values between 5.5 and 6.5. 

H. compressa can be found in flooded areas, swamps and lakes. It is native in Asia, 

Africa and south Europe. H. compressa is a creeping species which can regrow soils 

quite fast by rhizomes, culms and stolons. It also has the advantage that it can build new 

vegetative roots in distance to the plant origin. 

 

(3) Cynodon dactylon (L.) Pers. (syn. Capriola dactylon (L.) Kuntze; Cynodon 

aristiglumis Caro and Sánchez; Cynodon incompletus auct. non Nees and Panicum 

dactylon L.) is an invasive Poaceae species form the Bermuda Islands (Figure 8). 

Nowadays it is reported from many riversides and shorelines of mediterranean and 

subtropical countries over the world. C. dactylon is a perennial grass that forms thick 

mats by accumulation of stolons and rhizomes (Russell et al., 1991). The culms (stems) 

initiate roots at the lower nodes. It is step-resistant and tolerates drought as well as 

flooding. Therefore it can be found on many locations at the Yangtze riverside (Peng, 

2005). Nowadays, it is found on many riversides and shorelines of the Mediterranean 

and subtropical countries all over the world (Wu et al., 2007; Mudau, 2006). C. dactylon 

occurs on almost all soil types especially in fertile soil and it is common in disturbed 

areas such as gardens, roadsides, overgrazed, trampled areas, uncultivated lands, 

localities with high levels of nitrogen, and it is often found in moist sites along rivers 

(Gibbs et al., 1991; Van Oudtshoorn, 1999). 
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Figure 9 P. karka              Figure 10 N. reynaudiana                 Figure 11 Salix variegate 

 

(4) Phragmites karka (Retz.) Steud. is a common reed of the family Poaceae in the 

Yangtzekiang area (Figure 9). It natively grows along streams, in wet grasslands and in 

swamps of Africa, India, New Guinea and northern Australia. As a wetland plant with 

several adaptations to waterlogging like aerenchyma. P. karka is a perennial and robust 

reed with long rhizomes, erect culms up to 3 m length. The leaves are 15 cm - 30 cm 

long and nearly 2.5 cm in breadthways. It grows in standing water and in clay soils 

ranging from strongly acid (pH 4.5) to slightly alkaline (pH 7.5) (www.fao.org). It 

withstands heavy floods and is an excellent stabilizer of eroding river banks (Rose-Innes, 

1977) 

 

(5) Neyraudia reynaudiana (Kanth) Keng ex Hitchc., is known as Burma reed, silk 

reed, cane grass, and false reed. It is a tall, perennial, large-plumed grass (Poaceae 

family) that grows in clumps in sunny upland areas (Figure 10). Shoots, including the 

flower stalks can grow up to 4.5 meters, depending on soil and moisture conditions. The 

leaves are 20 cm to 25 cm long and hairless, except for a single line of horizontal hairs at 

the juncture of the upper and lower portions of the leaf. Stems are approximately 1.5 cm 

in width, are round, solid, and have nodes (stem-leaf junctures) every 7 cm to 13 cm 

along the stem. It is native in China, India, Indochina, Indonesia, Malaysia, Myanmar, 

Nepal, Taiwan, and Thailand. In its native range, which is characterized by a warm, 

subtropical climate, Burma reed occurs in bogs, in open savannahs, on upland cliffs, and 

along forest and road edges, and thrives from sea level to altitudes of 6,500 feet (Clayten 

at al., 2006).  
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(6) Salix variegate Franchet, Nouv. (syn. Salix andropogon H. Léveillé; S. bockii 

Seemen; S. densifoliata Seemen; S. duclouxii H. Léveillé) is a up to 2.5 meter tall Shrub 

(Figure 11). Its branches are pinkish purple. The leaves are usually oblong-oblanceolate 

or obovate-oblong have a size of ca. 1.5 cm · 0.4 cm. The Petioles are short. Leaves 

grow abaxial. The Flowering should be serotinous, rarely coetaneous from April to May 

or July to August. In the observations made during the experimental time in China.  Salix 

variegate could be observed flowering 3 times a year from early spring to late autumn. 

Male catkins are 1.5 cm - 2.5 cm long, 0.3 cm – 0.4 cm wide, the peduncle are short and 

hang abaxially. Female catkins are 1.5 cm - 2.5 cm long, 0.7 cm – 0.8 cm wide and 

during flowering to 4 cm long and 1 cm - 1.2 cm wide in fruit and hang adaxial (Wu and 

Raven, 1999).  

 

Vetivera zizanioides which is mainly used in Asia for soil protection showed not the flooding 

resistance needed. It was also found just in the upper water fluctuation zone and as cliff 

vegetation along the Yangtzekiang.  

 

 

2.2. Capability of different Yangtzekiang riverside plants to control soil erosion 

 

2.2.1 Study area 

The experiments of the growth and soil holding capacity of plants of the Water Fluctuation 

Zone of the Yangtzekiang were made between May to September 2008, in the experimental 

garden of the Key Laboratory of Eco-environments of the Three Gorges Reservoir Region, 

South-West-University, Beibei, China. The experimental garden is located close to the Jailing 

River, a branch of the Yangtzekiang which joins the Yangtzekiang 30 km downstream and 

close the upper limit of the Three Gorges Reservoir in Chongqing (Gleik, 2009). This 

reservoir differs from the free-stream Yangtzekiang in flow velocity, sedimentation, oxygen 

concentration in the water and soil, turbidity, flooding rhythm, flooding time and dimension 

of the Water Fluctuation Zone. The experimental time of 12 weeks is equal to the time the 

plants will be able to grow in the Water-Fluctuation-Zone of the Three Gorges Reservoir 

during low water level. In this new water fluctuation rhythms the plants will have a growing 

time from June to September.  
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This time was also chosen for the experiment to get the same climate conditions. The climate 

of this region is subtropical with monsoons in spring and autumn. At the beginning of the 

experiments the average day temperature was 27°C. During week 0 to 3 the temperature was 

lowest with 25°C on average. In the following weeks the temperatures increased up to 29°C 

on average. The maximum temperature was 41.5°C. 

 

Used plants 

(1) Arundinella anomala  

(2) Hemartria compressa  

(3) Cynodon dactylon  

(4) Phragmites karka 

 

2.2.2 Experimental setup 

The ability to mitigate erosion has been tested for these four plant species. At the beginning of 

the experiment 15 plants of each species were scanned with WinRhizo to estimate the leaf 

areas and the root lengths (Regent Instruments INC., 2003). The plants were planted in pots 

and grown for 12 weeks. Additional 15 control pots without vegetation were treated similarly 

to the pots with plants. The soil cover images of the plants were taken every 3 weeks. After 12 

weeks growth, the pots with the plants were placed in a basin with 15 cm water for 4 days to 

saturate the soils. The water saturation of the soil is an important parameter for the soil 

erosion (Couper, 2003). After 4 days the pots were put for 40 seconds in a hydraulic flume 

simulation apparatus to simulate the water flow during the new flooding period (Figure 12). 

The washed out sediments were collected, dried and weighed. The plants have been washed 

out scanned with WinRhizo and dried to ascertain the biomass values. 

To get an impression to which degree the results of the 12-weeks-cultivated plants are 

comparable to the natural conditions, the experiment was repeated with plant samples which 

grew at the riverside of the Jailing. Plants from the riverside were collected by pressing a 

plastic auger (18 cm diameter and 10 cm long with 2 mm thick walls) into the soil. So the soil 

surface and the plants inside the auger were not damaged during digging out the samples. 

8 plant samples of the species A. anomala, H. compressa and C. dactylon obtained from the 

Jailing riverside, were planted in pots and carefully taken to the experimental garden. P. karka 

was not found growing on sediment soil in the area. Images of the plants were taken to 

analyze the projected soil cover.  
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These photos have been calibrated in WinRhizo in order to obtain the right size of the 

analyzed objects. The projected soil cover of the leaves was estimated thereafter. At the 

riverside these plants have been naturally flooded for 2 month and could regrow 6 - 8 weeks 

before digging them out. To produce comparable conditions to the experiment the pots were 

also put in basing with 15 cm water for 4 days in order to obtain full saturation of the soil.  

 

 

Figure 12 Schematic diagram of the hydraulic flume used in the experiment to simulate concentrated flow  

         (not in scale) 

 

After this the Jailing samples were subjected to the hydraulic flume simulation aperture 

(Figure 12). The hydraulic flume consists of a water stream with 7.5° inclination and a speed 

of 40 m min-1 and a flow capacity of 16 - 17 L min-1. The instrument was built after the 

concentrated flow simulator described in Posen et al. (1999) and Mamo and Buberzer (2001).  
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It consists of a flowmeter to assure a constant water flow, a 15 cm broad and 80 cm long 

water slide with 10 cm high edge at the long size. The pots with the samples have been cut at 

the level of the soil and fixed in a 24 x 24 cm wooden board. This board had a rough surface 

to produce the typical turbulent water flow of the river surface. It was installed in the same 

angle like the 80 cm long water slide. A big basin to collect the used water and the washed out 

soil was placed under this board. 

The images to estimate the projected soil cover were calibrated in WinRhizo. With the color 

analyze function of WinRhizo the projected soil cover of the leaves has been measured.  

 

2.2.3 Statistics 

All dater were analyzed with Excel and Statistica 6.1 (Statsoft, Tusla, OK) and the 

significance was proved by an ANOVA with Post Hoc Fisher LSD test. Significances were 

marked by * (p< 0.05) and ** (p< 0.01). 

 

 

2.3 Soil stabilizing capability of three plant species of the Three Gorges  

 

2.3.1 Study area 

The experiments on plant regrowth and soil holding capacity of plants growing in the water 

fluctuation zone of the Yangtze River were performed between April and July 2009 in the 

experimental garden of the Key Laboratory of Eco-environments in the Three Gorges 

Reservoir Region, School of Life Sciences, Southwest China University, Chongqing, China 

(see above). The climate in the study area is subtropical, with monsoons in spring and autumn. 

At the beginning of the experiments the average day temperature was 20 C. During weeks 3 to 

6 the temperature was 24°C on average. In the following weeks the temperatures increased to 

27 C on average. The time of 12 weeks was assumed to be the minimum time span for plant 

growth in the lower water-fluctuation-zone of the Three Gorges Reservoir during low water 

level. After filling of the reservoir, the new growth period on the lower shores would be from 

April to September. This time was also chosen for the experiment in order to have the same 

climate conditions.  
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Used plants 

(1) Arundinella anomala  

(2) Hemartria compressa  

(3) Cynodon dactylon  

 

2.3.2 Experimental design and techniques 

The ability to mitigate erosion was tested for the three plant species studied. At the beginning 

of the experiment 30 plants of each species were scanned with an Epson Expression 10000XL 

scanner and analyzed with WinRHIZO to estimate the leaf surface areas and the root lengths 

(Regent Instruments Inc, 2003). The plants were planted in pots and grown for 1 week to 

recover from the scanning and re-potting stress. 10 pots for each treatment were overlaid 

under flooding conditions with 5 cm, 10 cm and 18 cm sediments. The sedimentation was 

done under water to take into account the swimming ability of the leaves and shoots of the 

three species. The plants were grown for 12 weeks. Soil regrowth images of the plants were 

taken every 3 weeks. 

After 12 weeks, the pots with the plants were placed in a basin with 15 cm water for 4 days in 

order to saturate the soils. The water saturation of the soil is an important parameter for the 

soil erosion (Couper, 2003). After 4 days the pots were put in a hydraulic flume simulation 

apparatus for 40 seconds to simulate the water flow during the new flooding period. The 

washed-out sediments were collected in basins, dried and weighed. The plants were then 

scanned, analyzed by WinRhizo, and dried to obtain the biomass values. Images of the plants, 

to analyze the projected soil cover, were calibrated in WinRhizo in order to obtain the 

corrected size of the analyzed objects. With the color analyzing function of WinRhizo the 

projected soil cover by regrowth of the leaves was measured. The hydraulic flume consists of 

a water stream with 7.5° inclination, a speed of 40 m * min-1 and a flow capacity of 16 – 17 L 

min-1 (Figure 12). The instrument was built after the concentrated flow simulator described in 

Posen et al. (1999) and Mamo and Bubenzer (2001). It consists of a flowmeter to assure a 

constant water flow, a 15 cm broad and 80 cm long water slide with a 10 cm high edge at the 

lateral sides. The pots with the samples were cut at soil level and fixed in a 35 cm · 35 cm 

wooden board. This board had a rough surface to produce the typical turbulent water flow of 

the river surface. It was installed under the same angle as the 80 cm long water slide.  
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A large basin to collect the water and the soil washed out was placed under this board. Some 

pots showed a moss growth at the surface. These pots were not included in the soil runoff 

analysis, because moss and sedimental macro aggregates have an important impact on soil 

runoff (Angers, 1998; Payne, 2007). These parameters differed to a large amount in the 10 

pots of each treatment, because of the different positions of pots in the experimental setup. 

 

2.3.4 Statistics 

All data were analyzed with Statistica (Statistica Inc., Tusla OK) and the significance was 

proved by an ANOVA with Post Hoc Fisher LSD test. Significances are marked by * (p<0.05) 

and ** (p<0.01). 
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2.4 Adaptations to flooding and seasonal difference in growth parameters of  

      Arundinella anomala and Hemartria compressa 

 

2.4.1 Study area  

The experiments were done in the experimental garden of the Key Laboratory of Eco-

environments in Three Gorges Reservoir Region, South-West-University, Beibei, China (see 

above). The first flooding experiment was performed from September to December 2008, 

when the Yangtzekiang has falling water level, but the Three Gorges Reservoir will have the 

highest water levels. With start of the experiment at the beginning of September the water 

temperatures in the experimental pools as well as in the Yangtzekiang declined. The 

temperature in the experimental pools fell down from 25°C at the beginning (14.08.2008) to 

12°C by the end of the experiment (08.12.2008). During the same period the average daily 

input of photosynthetically active radiation also declined from 460 mol m-2 to about 

80 mol m-2. The experiment was repeated with identical set-up during the normal flooding 

period at the upper Yangtzekiang from July to September 2009. The replication of the 

experiment was done to estimate the seasonal differences in plant reactions. During the 

second experiment, the average daily temperature was rather stable between 25°C to 30°C. 

Still, the maximum temperature was as high as 43.6°C. The daily total of photosynthetically 

active radiation was 476 mol m-2. 

 

Used plants 

(1) Arundinella anomala  

(2) Hemartria compressa  

 

2.4.2 Experimental set-up and conditions during the experiments 

The two pools used for flooding experiments were 2.5 m x 4 m large and filled with water up 

to 2 meters (Figure 13). Slow water circulation was maintained in the pools by constant 

inflow 75 cm below the water surface. With a slow water inflow the biofilm and algal growth 

at the water surface and the upper layer were washed out through an overflow. Every two 

weeks the upper 2/5 of the water body was changed to reduce the algae density and turbidity 

in the pools. This should assure enough light for growth of the submersed plants.  

In order to prevent growth reduction by limited carbon sources, the pools were sparged once a 

week with CO2.  
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This donation maintained the CO2 concentrations in water samples from the pool similarly to 

the Yangtzekiang water (average H2CO3 concentration around 230 mg L-1). To calculatee the 

H2CO3 concentration in the water a titration with NaOH and HCl dependent of pH was done 

(Hussner 2008). In order to monitor oxygen depletion in the rhizosphere after submerging, 

oxygen minisensors (PreSens, precision Sensing GmbH, Regensburg, Germany) were placed 

into the rhizosphere of the five submerged and two control plants before the start of the 

experiment. Oxygen concentration in the rhizosphere was measured every week directly 

before the CO2 sparging of the ponds using a Fibox 3 gauge (PreSens GmbH, Germany).  
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Figure 13 Schematic diagram of the experimental pool (not in scale) 
 

 

For morphological parameters plants were scanned with WinRhizo (Regent instruments INC). 

60 plants of each species were investigated in autumn 2008 and 30 in summer 2009 

respectively, in order to estimate the leaf area and the root length before the beginning of the 

experiment. Then the plants were potted in pots with sedimental Yangtzekiang soil (see above) 

and placed in the experimental garden for recovering for one week. Randomly selected 

10 plants of each species were scanned again with WinRhizo to estimate the leaf area and the 

root length growth after this recovering period.  
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Further 40 plants (autumn 2008) and 10 plants (summer 2009), respectively, of each species 

were submerged in the experimental pools. As control, 10 plants of each species remained 

within the garden and were watered when the soil surface started to get dry. After 3, 6, 9 and 

12 weeks in autumn, 2008 and after 12 weeks in summer, 2009 10 plants of each species were 

taken out of the pool and scanned with WinRhizo to estimate the leaf area growth and the root 

length growth under submergence. After 12 weeks of growth the control plants were also 

harvested and scanned. After scanning the plant material was divided into roots and leaves, 

dried, and weighed.  

In the second replication of the experiment in summer, pooled samples of dry plant material 

of the control plants and of plants under submerged conditions were analyzed at the end of the 

experiment for carbohydrate content.  

 

2.4.3 Chemical analysis 

To analyze the carbohydrate content, plant dried material was powdered about 10 minutes 

with a flint mill until a homogeneous powder was obtained. Then between 20 and 40 mg of 

sample was extracted in three replicates by 80 % ethanol for 15 min at 80 °C (Miller 1959). 

The soluble sugar content was determined with 3, 5-dinitrosalicylic acid at 340 nm using a 

spectrometer (UV-2550, SHIMADZU).  

 

2.4.4 Statistics 

All data were analyzed using Factorial ANOVA within the Statistica software Version 6 

(Tulsa, OK, USA). Significant differences were proved by Post Hoc Fisher LSD test and 

marked by * (p< 0.05) and ** (p< 0.01). As the root and leaf data were not-normally 

distributed, they were log-transformed prior analysis. 
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2.5 Reaction of root growth to waterlogging of selected native plant of 

       the Three Gorges Reservoir 

 

2.5.1 Study area 

The experiments were done in the experimental garden of the Key Laboratory of Eco-

environments in Three Gorges Reservoir Region, South-West-University, Beibei, China (see 

above). The first waterlogging experiment was performed from September to December 2008. 

During these months, the Yangzekiang has a falling water level, but the Three Gorges 

Reservoir will have the highest level of filling. With start of the experiment at the beginning 

of September the water temperatures in the experimental pools as well as in the Yangtzekiang 

declined. The temperature fell down from 25°C at the beginning (14 Aug. 2008) to 12°C by 

the end of the experiment (8 Dez. 2008). During the same time the average daily input of 

photosyntetical active radiation also declined from 460 mol m-2 to ~ 80 mol m-2.  

The experiment was repeated with identical set up during the normal flooding period at the 

upper Yangtzekiang from July to September 2009. The replication of the experiment was 

done in order to estimate seasonal differences in the plant reaction to water logging. During 

the second experiment the average daily temperature was rather stable between 25°C and 

30°C. Still, the maximum temperature was as high as 43.6°C. The daily total radiation during 

the summer experiment was 476 mol m-2. In this experiment, soil moisture was measured with 

TDR-Theta Probe soil moisture sensors Type MY2x (Delta-T Devises, Burwell, UK). The 

soils of the waterlogging-treated plants were water saturated during the whole experiment. 

The soil moisture content of control plants ranged from 44 % to 70 %.  

 

Used plants 

(1) Arundinella anomala  

(2) Hemartria compressa  

(3) Cynodon dactylon  

 

2.5.2 Microscopical analyses 

Lateral sections of roots, shoots and leaves were used to examine when and at which 

dimension morphological changes happen. For the lateral sections pieces of 2 cm were taken 

from each scanned plants (see below) after 6 weeks and 12 weeks of growth during the 

experiment in summer 2009.  
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The fixation of the plant material (95 % ethanol) and staining of the lateral sections were 

made after Gerlach (1984). The paraffin cubes were fixed on a wooden tray and lateral 

sections of 10 µm for the leaves and shoots and 15 µm for the roots were made with a 

microtome (Leitz, Wetzler). The lateral sections were placed with 2 drops of Neo-Mont 

(Merck) between microscope slides and cover slips for conservation. Images were obtained 

using a Leika DBRBE microscope, containing a Leika DFC 420 C camera and the software 

Leika Application Suite V3 Version 3.5.0, 2009. All three studied species built aerenchymatic 

roots and shoots in waterlogged and control plants. There was found no difference in the size 

or degree of the root aerenchyma within the different treatments. 

 

2.5.3 Root architecture 

For morphological parameters plants were scanned with WinRhizo (Regent instruments INC). 

In order to obtain the leaf area and the root length at the beginning of the experiment 50 plants 

of each species were investigated in autumn 2008 and summer 2009, respectively Than the 

plants were potted in pots with  Yangtzekiang sediments (see above) and placed in the 

experimental garden for recovering for one week. Randomly selected 10 plants of each 

species were scanned again with WinRhizo to estimate the leaf area and the root length 

growth after this recovering period. As control, 20 plants of each species were watered when 

the soil surface started to get dry. The other randomly selected 20 plants of each species were 

put in basins with 12 cm – 14 cm water level, which assured that the soil and the root system 

of the plants were waterlogged. Ten plants of each treatment were taken after 6 and 12 weeks 

respectively, roots were washed and scanned with WinRhizo to estimate the root length in 

comparison with control plants. Same scanning procedure was performed also for plant leaves. 

After scanning the plant material was divided into roots and leaves, dried and weighed.  

 

2.5.4 Oxygen measurement 

The oxygen concentration in the rhizosphere of two waterlogged and two control plants in 

2008 and 5 waterlogged and two control plants in 2009 of each species were measured every 

week using Fibox 3 (PreSens, precision Sensing GmbH, Regensburg, Germany) with oxygen-

sensitive optical minisensors. The sensors have been placed into the rhizosphere of the plants 

before the beginning of each experiment. 
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The oxygen concentration in all three species declined fast after waterlogging (Figure 27 and 

Figure 28 a). After the first week of waterlogging, no oxygen was measured in the substrate of 

all plants in during both experiments. The soils of the control plants had an oxygen 

concentration about 5 mg L-1  to 7 mg L-1 which corresponds to almost full oxygen saturation. 

 

2.5.5 Root exudates 

In 2009 micro-suction cups (MiniRhiz, diameter: 2 mm, Rhizosphere Research Products, 

Wageningen) were fixed at the oxygen-sensitive sensors. The micro suction cups allowed a 

minimally invasive sterile sampling of the organic acids in the rhizosphere of plants under 

field conditions (Shen and Hoffland, 2007; Schreiber et al., 2011). The one centimeter long 

tips of the micro suction cups are made of a porous material, impermeable for microorganisms. 

The tips of the micro suction cups were fixed next to the tips of the oxygen-sensitive sensors. 

Thereby soil solution could be collected without entry of microorganisms at the spot of the 

oxygen measurement. The samples were taken directly after the oxygen measurement and 

analyzed by capillary electrophoresis for low molecular weight organic acids (see Bazzanella 

et al., 1997).  

 

2.5.6 Carbohydrates 

In the second replication of the experiment in summer 2009, pooled sample of dry plant 

material of the control plants and of plants under waterlogged conditions were analyzed at the 

end of the experiment for carbohydrate content. For the analysis, plant material was grounded 

with a flint mill until a homogeneous powder was obtained. Than between 20 mg and 40 mg 

of sample was extracted in three replicates by 80 % ethanol for 15 min at 80°C (Miller, 1959). 

The soluble sugar content was determined with 3, 5-dinitrosalicylic acid at 340 nm using a 

spectrometer (UV-2550, SHIMADZU). 

 

2.5.7 Statistics 

All data were analyzed using Factorial ANOVA within the Statistica software Version 6 

(Tulsa, OK, USA) Significant differences were proved by Post Hoc Fisher LSD test and 

marked by * (p< 0.05) and ** (p< 0.01). As the root and leaf data were not-normally 

distributed, they were log-transformed prior analysis. 
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3 Results 

 

3.1 Capability of different Yangtzekiang riverside plants to control soil erosion 

 

Table 1 shows that A. anomala had significant more roots and leaves than the other species 

after 12 weeks growth. Furthermore it is shown that P. karka had the lowest leaf surface after 

12 weeks growth. The root/shoot ratio for A. anomala indicates the highest proportion of roots 

per shoots after 12 weeks growth. The roots /shoots ratio of A. anomala was followed by 

P. parka, H. compressa and C. dactylon. 

 

Table 1 Average root length, root surface and leaf surface of the 12 week pot grown plants (n = 15) tested with 

ANOVA Post Hoc Fisher LSD test each parameter was tested for plants at planting (week 0) in small letters and 

after 12 weeks growing time in capitals, respectively. Significance is given at p<0.05 level (*)t p<0.05 level (*) 

Species time 
root length 

[cm] 
root surface 

[cm2] 
total leaf 

surface [cm2] 
root/shoot ratio 

[cm2 cm-2] 
week 0 236.19  48.75  50.44 b 0.97 A. anomala 

 week 12 5353.88 C 744.19 C 233.44 C 3.19 
week 0 637.90  95.35  44.18 b 2.16 H. compressa 

 week 12 2320.09 B 345.02 B 174.88 B 1.97 
week 0 158.93 21.85 32.24 a 0.68 C. dactylon 

 week 12 1989.30 A 264.66 A 151.78 B 1.74 
week 0 355.50  77.64  73.29 c 1.06 P. karka 

 week 12 1728.61 A 266.09 A 131.97 A 2.02 
 

Table 2 shows, that the samples of the Jailing had highly significant more below ground 

biomass than the plants from the pot experiment. The above ground biomass was not 

significantly different for any of the species. 
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Table 2 Above ground (leaves and shoots) and below ground (roots and shoots) biomass of the 12 week pot 

grown plants (n=15) and the samples taken from the Jailing riverside (n = 8). ANOVA followed by Post Hoc 

Fisher LSD test was used to test the difference between the biomass of each species in the pot experiment to the 

samples taken from the Jailing riverside. Letters indicate significant differences at p< 0.05  

Species 
 

above ground biomass 
[g] 

below ground biomass 
[g] 

pot experiment   
A. anomala  3.06 1.11a 
H. compressa pot experiment 3.76 0.32 a 
C. dactylon pot experiment 2.47 0.24 a 
P. karka pot experiment 2.56 0.43 
Field plants from the Jailing   
A. anomala  2.99 4.74 b 
H. compressa samples of the Jailing 2.05 4.59 b 
C. dactylon samples of the Jailing 2.47 3.75 b 
 

Table 3 shows that A. anomala and C. dactylon had significantly higher root growth rates. 

A. anomala expanded their initial root length more than 20 times. C. dactylon increased its 

root length more than 12 times compared to the beginning of the experiment. Root length of 

H.  compressa grew 2.6 times and of P. karka 3.9 times compared to the initial values of their 

initial root length at the beginning of the experiment. A. anomala and C. dactylon also showed 

the highest leaf area increase. C. dactylon increased its leaf area 3.7 times. A. anomala had a 

3.6 times leaf area increase and H. compressa a 3 times leaf area increase compared to the 

beginning of the experiment. P. karka showed a very slow leaf growth. The leaf surface 

increased about 80 % during the 12 weeks of growth. A. anomala and C. dactylon showed a 

significantly higher leaf surface growth rates than H. compressa and P. karka. Furthermore 

the leaf surface growth of H. compressa was also significantly higher than the leaf surface 

growth of P. karka. The root biomass/ leaf biomass ratio showed that the creeping species 

H. compressa and C. dactylon investigated most of their biomass into the shoots and leaves. P. 

karka allocated 1/6 of its biomass in root structures (Tab. 3). A. anomala allocated more than 

1/3 of its biomass in root structures. The leaf biomass of H. compressa was significantly 

higher than the leaf biomass of C. dactylon and P. karka. . A. anomala build the highest root 

biomass compared to the other species. Furthermore the root biomass of P. karka is 

significantly higher than the root biomass of C. dactylon. 
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Table 3 Average growth data (size at the beginning of the experiment / size after 12 weeks) of the 12 week pot 

grown plants (n = 15) tested with ANOVA Post Hoc Fisher LSD. Letters indicate significant differences at p< 

0.05 

Species 
 

relative 
roots length 

growth  
[%] 

relative leaves 
surface 
growth  

[%] 

roots 
length/leaf 

surface 
[cm cm-1] 

root 
mass/leaf 

mass 
[g g-1] 

specific 
 root mass 

 
 [g m-1] 

Leaf mass/ 
area 

[LMA] 
 [g m-2] 

A. anomala 2167 b 363 c 5.97 b 0.36 b 0.021 b 130 b 
H. compressa 264 a  296 b 0.89 a 0.08 a 0.016 a 250 c 
C. dactylon 1152 b 371 c 3.11 b 0.10 a 0.010 a 140 a 
P. karka 386 a 80 a 4.82 b 0.17 a 0.025 b 190 b 

 

After the first three weeks H. compressa showed faster soil cover ability than A. anomala 

(Figure 14). But after this time A. anomala turned out to be significantly more effective soil 

cover species compared to H. compressa, C. dactylon or P. karka after 12 weeks. It can be 

seen that the projected soil cover of the 12 weeks cultivated plants of A. anomala and 

C. dactylon reached the projected soil cover as found at the Jailing riverside samples. 

H. compressa in the pot experiment showed a significantly lower (p< 0.01) projected soil 

cover after 12 weeks growth than plants taken at the Jailing riverside.  
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Figure 14 Projected soil cover by plant leaves for the tested species in comparison to samples from the  

                Jialing riverside. The shown data are mean with standard deviations. 
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The soil erosion test (Figure 15) showed a difference in the runoff of soil with and without 

plant cover. The one-way ANOVA shows a higher (p< 0.01) soil erosion from the 

unvegetated soil compared to soil with plant cover. 

 

0

100

200

300

400

500

600

700

800

900

unvegetated
soil

A. anormala H. compressa C. dactylon P. karka

ru
no

ff 
so

il 
[g

]

 
Figure 15 Soil runoff of different plants compared to pots with unvegetated soil (n = 15). The shown data are 

mean with standard deviations. 

 

The best soil holding capacity in the pot-grown (Figure 16 a) plants was found for 

C.  dactylon and A. anomala, whereas large variability was found for the latter. The soil 

below the other two species, H. compressa and P. karka, was eroded on average three times 

faster. The soil holding capacity related to the projected soil cover of the Jialing plants 

(Figure 16 b) was more than 10 times lower for A. anomala and H. compressa and six times 

lover for C. dactylon. When the soil runoff was related to the above ground biomass 

(Figure 16 c), it was shown no difference in the soil runoff of the different species and to the 

samples of the Jailing river (Figure 16 d). 
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d) samples from the Jailing riverside
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Figure 16 Soil runoff related to the projected soil cover of the plant leaves of a) the experimental plants of the 

pot experiment (n = 15) and b) samples taken from the Jailing riverside (n =8) with 10-times reduced axis for 

Figure b compared to Figure a and soil runoff related to the above ground biomass of c) the experimental plants 

of the pot experiment (n = 15) and d) the samples taken from the Jailing riverside (n =8). The shown data are 

mean with standard deviations. 

 

When the soil runoff was related to root length (Figure 17) the washed out soil was the 

lowest in A. anomala and highest in P. karka. Here A. anomala and C. dactylon had highly 

significant (p< 0.001) less washed out soil than P. karka.  

 

0

0,05

0,1

0,15

0,2

0,25

0,3

A. anomala H.
compressa

C. dactylon P. karka

so
il 

ru
no

ff 
[g

 c
m

-1
]

 
Figure 17 Soil runoff related to plant root length of the experimental plants of the pot experiment (n = 15)        

The shown data are mean with standard deviations. 
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3.2 Sediment stabilizing capability of three plant species of the Three Gorges  

      Reservoir riverside                                                          

 

Table 4 demonstrates that after 12 weeks of growth A. anomala that were overlaid with 5 cm 

and 10 cm sediment layers had significantly more roots than A. anomala covered up with the 

18 cm sediment layer. Remarkably, H. compressa, covered by the 10 cm and 18 cm sediment 

layers, respectively, had a higher total root length than the plants with the 5 cm sediment 

cover. Leaf surface data of A. anomala showed no significant difference between the different 

sediment layers after 12 weeks. H. compressa, in contrast, was able to produce more leaf 

surface in the pots with 10 cm and 18 cm new sediments. C. dactylon showed no significant 

change either in the root length or in leaf surface between the different sediment covers after 

12 weeks. The 5 cm sediment layer for A. anomala had significantly higher root / shoot ratio 

than H. compressa. The lowest root/shoot ratio was found for C. dactylon. 

 

Table 4 Average root length, root surface and leaf surface of the 12 weeks pot grown plants (n=10)  

at different thick sediment layers tested with ANOVA Post Hoc Fisher LSD test Each parameter was 

tested between sediment layers for each plant species (small letters) and between plant species for each sediment 

layer (capitals). Significance is given at p<0.05 level (*). 

Species time 
root length 

(cm) 
root surface 

(cm2) 
leaf surface 

(cm2) 
root/shoot ratio  

(cm² cm-2) 

week 0 413.00 120.82 102.16 1.18 A. anomala 5 cm 
 week 12 6016.99aA 1125.36aA 334.42aA 3.37aA 

week 0 409.64 132.18 107.22 1.23 A. anomala 10 cm 
 week 12 8399.44aA 1401.86aA 330.38aB 4.24aA 

week 0 464.89 164.10 103.73 1.58 A. anomala 18 cm 
 week 12 5416.97bA 950.11bA 300.06aA 3.17bA 

week 0 290.97 95.95 106.79 0.90 H. compressa 5 cm 
 week 12 4113.61bA 791.34aA 381.79bA 2.07aB 

week 0 273.73 93.36 119.44 0.78 H. compressa 10 cm 
 week 12 6769.44aA 1211.87cA 492.59aA 2.46aB 

week 0 228.98 74.60 125.18 0.60 H. compressa 18 cm 
 week 12 5614.46aA 1113.04bA 490.84aA 2.27aB 

week 0 202.16 75.77 80.55 0.94 C. dactylon 5 cm 
 week 12 3435.53aA 571.53aA 395.20aA 1.45aC 

week 0 179.67 77.98 87.91 0.89 C. dactylon 10 cm 
 week 12 4237.99aB 721.97aB 370.11aB 1.95aC 
C. dactylon 18 cm week 0 166.43 97.96 75.44 1.30 
 week 12 3409.34aA 564.70aA 375.19aA 1.51aC 
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The total plant biomass (Table 5) showed that H. compressa built more root biomass in the 

new sedimental layers of 10 cm and 18 cm than C. dactylon. Also, H. compressa had 

significantly more leaf biomass than A. anomala and C. dactylon. The root biomass data also 

illustrated that A. anomala had significantly higher root mass than H. compressa and 

C. dactylon, respectively. 

 

Table 5 Total dry above ground (leaves and shoots) and below ground (roots and shoots) biomass of the 

12 weeks pot grown plants (n=10) ANOVA followed by Post Hoc Fisher LSD test was used. Each parameter was tested 

between sediment layers for each plant species (small letters) and between plant species for each sediment layer (capitals). 

Significance is given at p<0.05 level (*). 

Species 
root biomass of the new 

sediment layer (g) 
below ground root 

biomass (g) 
above ground 
biomass (g) 

leaf biomass in the 
new sediment layer 

(g) 

A. anomala 5 cm 0.19bB 1.29aA 4.17aB 0.66 

A. anomala 10 cm 0.50aA 1.12aA 4.04aB 0.59 

A. anomala 18 cm 0.60aA 0.72bA 3.54aB 0.40 

H. compressa 5 cm 0.31bB 0.44aB 7.40aA 0.43 

H. compressa 10 cm 0.62aA 0.49aB 9.95aA 0.50 

H. compressa 18 cm 0.71aA 0.35aB 9.10aA 0.33 

C. dactylon 5 cm 0.12aB 0.45aB 5.85aB 0.76 

C. dactylon 10 cm 0.27aB 0.41aB 5.54aB 0.63 

C. dactylon 18 cm 0.25aB 0.25aB 5.85aB 0.48 

 

In Table 6 it is shown that A. anomala had the highest root growth among the three species in 

the pots with the 10 new sediments. Also, H. compressa increased its root growth 

significantly when covered by 10 cm and 18 cm new sediments. C. dactylon showed no 

significant difference in the root growth for different sediment layers. A. anomala plants 

showed the lowest leaf surface growth, while the leaf surface of H. compressa tripled. The 

leaf surface of C. dactylon increased four times. The root length/leaf surface data as well as 

the root mass / leaf mass data illustrated that A. anomala had significantly more root mass per 

shoot than H. compressa and C. dactylon. The plants of H. compressa subjected to 5 cm and 

10  cm new sediments had significantly more leaf mass / area. 
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Table 6 Average growth data after 12 weeks growths (n=10) Post Hoc Fisher LSD test was used. Each 

parameter was tested between sediment layers for each plant species (small letters) and between plant species 

for each sediment layer (capitals). Significance is given at p<0.05 level (*). 

Species 

relative root 

length growth 

(%) 

relative leaf 

surface growth 

(%) 

root length/leaf 

surface 

(cm/cm2) 

Root mass/leaf 

mass 

(g/g) 

specific root 

mass  

(g/m) 

leaf mass/area 

(l Ma) 

(g/m2) 

A. anomala 5 cm 1457bA 234aB 17.99aA 0.35aA 0.025 124.65aB 

A. anomala 10 cm 2050aA 203aB 25.42aA 0.40aA 0.019 122.42aB 

A. anomala 18 cm 1165bA 176aB 18.05aA 0.35aA 0.024 118.01aB 

H. compressa 5 cm 1414bA 358aA 10.77bB 0.10aB 0.018 196.61aA 

H. compressa 10 cm 2473aA 412aA 13.74aB 0.11aB 0.016 208.33aA 

H. compressa 18 cm 2452aA 392aA 11.44bB 0.12aB 0.019 175.22bB 

C. dactylon 5 cm 1699aA 491aA 8.69aB 0.10aB 0.017 139.33aB 

C. dactylon  10 cm 2359aA 421aA 11.45aB 0.12aB 0.016 151.66aB 

C. dactylon 18 cm 2049aA 497aA 9.09aB 0.08aB 0.015 158.79aB 

 

 

Figure 18 shows an increased projected soil cover for A. anomala and H. compressa after 

week 9, while the projected soil cover of C. dactylon started to increase at week 3. After 12 

weeks of growth H. compressa covered significantly more sediments than A. anomala and 

C. dactylon. 

The total sediment runoff (Figure 19) from vegetated pots in all three different sediment 

layers was significantly lower (< 63 %) than the soil runoff from the unvegetated bare soil. 

C. dactylon had a significantly lower absolute soil runoff than A. anomala at treatments with 

10 cm and 18 cm new sediments.  
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c) C. dactylon

0%
5%

10%
15%
20%
25%
30%
35%
40%
45%
50%

week 0 week 3 week 6 week 9 week 12

pr
oj

ec
te

d 
so

il 
co

ve
r 

[%
]

5 cm sediments 10 cm sediments 18 cm sediments
 

Figure 18 Projected soil cover with standard deviation by plant leaves of a) A. anomala with 5 cm, 10 cm, and 18 

cm sediment layer b) H. compressa with 5 cm, 10 cm, and 18 cm sediment layer; c) C. dactylon with 5 cm, 

10 cm, and 18 cm sediment layer (n=10). The shown data are mean with standard deviations. 
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bare soil = 625 g ± 150 g
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Figure 19 Soil runoff of three different plants species with three different thick sediment layers compared to pots 

with unvegetated soil (n = 8-10). The shown data are mean with standard deviations. 

 

Furthermore, the specific soil runoff of H. compressa covered by 18 cm sediments was 

significantly higher compared to the 10 cm sediment treatment. 

When the specific soil runoff was calculated per projected soil cover (Figure 20a), A. anomala 

showed no significant difference under the various sediment layers. The specific soil runoffs 

are correlated to plant parameters of every single plant the soil runoff was measured The 

specific soil runoff per projected soil cover showed that H. compressa retained less soil when 

covered by 10 cm sediments compared to the 18 cm sediment cover. C. dactylon showed a 

huge difference in the projected soil cover from plant to plant. However, the specific soil 

runoff per projected soil cover was lower, at 5 cm new sediments, than at all other treatments. 

Regarding the specific soil runoff related to the leaves’ surfaces (Figure 20b), no significant 

difference can be seen. In Figure 20c the specific soil runoff related to root length showed no 

significant difference between the soil holding capacities of the three species. The plants of H. 

compressa with 10 cm new sediments had a significantly lower specific soil runoff related to 

root length than the plants with the 5 cm and 18 cm new sediments. 
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Figure 20 Specific soil runoff of three different plant species with three different thick sediment layers related to 

a) the projected soil cover of the plant leaves, b) the leaf surface of the plants c) the root length of the plants (n = 

8 - 10). The shown data are mean with standard deviations. 

 

 

3.3 Adaptations to flooding and seasonal difference in growth parameters of  

          Arundinella anomala and Hemartria compressa  

 

3.3.1 Plant reaction and growth during submergence 

The oxygen measurement during flooding experiments showed the expected difference 

between submerged and control plants. In the rhizosphere of the submerged plants the O2 

concentrations decreased fast. In the rhizosphere of A. anomala the O2 concentration was at 

0.1 mg L-1 after 4 days of submergence (Table 7). In the rhizosphere of H. compressa the O2 

concentration declined more slowly. The O2 concentration declined to 0.1 mg L-1 in all 

submerged plants of H. compressa after 14 days (Table 7). The control plants had an O2 

concentration about 8 mg L-1 (Table 8).  
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After strong rainfalls the O2 concentration in the rhizosphere of control plants decreased 

between week 3 and 9. With the decreasing air temperatures after week 9 the control plants 

showed higher O2 concentrations in their rhizosphere.  

 

Table 7 Oxygen concentration [mg/L] and temperature [°C] of the experimental plants during the submerging  

A. anomala measuring 
day flooded 1 flooded 2 flooded 3 flooded 4 flooded 5 

water 
temperature 

1 5.27 2.11 0.01 0.02 0.01 24.3 
2 0.01 0.73 0.01 0.02 0.01 24.7 
3 0.01 0.21 0.01 0.02 0.01 25.2 
4 0.01 0.09 0.30 0.44 0.01 25.7 
5 0.01 0.04 0.01 0.02 0.01 26.4 
6 0.01 0.05 0.00 0.02 0.01 26.8 
7  0.06 0.01 0.02 0.01 26.7 
14 0.02 0.06 0.01 0.02 0.01 25.0 
21 0.00 0.04 0.00 0.01 0.00 28.9 
28 0.02 0.07 0.01 0.02 0.01 23.4 
35 0.02 0.07 0.01 0.02 0.01 21.5 
42 0.02 0.07 0.01 0.02 0.00 20.6 
49 0.02 0.04 0.00 0.00 0.00 20.2 
56 0.00 0.02 0.00 0.00 0.00 17.9 
63 0.00 0.03 0.00 0.00 0.00 18.2 
70 0.03 0.09 0.02 0.03 0.02 17.0 
77 0.04 0.11 0.03 0.04 0.02 13.9 
84 0.04 0.11 0.03 0.04 0.02 13.1 

H. compressa measuring 
day flooded 1 flooded 2 flooded 3 flooded 4 flooded 5 

water 
temperature 

1 5.76 4.98 0.01 0.50 5.07 24.3 
2 0.08 3.34 0.01 0.11 2.97 24.7 
3 0.05 2.51 0.01 0.03 0.99 25.2 
4 0.00 1.93 0.01 0.02 0.00 25.7 
5 0.09 1.25 0.01 0.01 0.00 26.4 
6 0.00 0.74 0.01 0.02 0.00 26.8 
7 0.00 0.40 0.01 0.02 0.00 26.7 
14 0.00 0.04 0.01 0.03 0.00 25.0 
21 0.00 0.03 0.00 0.01 0.00 28.9 
28 0.00 0.04 0.01 0.03 0.00 23.4 
35 0.00 0.05 0.01 0.03 0.00 21.5 
42 0.00 0.05 0.01 0.03 0.00 20.6 
49 0.17 0.01 0.00 0.00 0.00 20.2 
56 0.00 0.00 0.00 0.00 0.00 17.9 
63 0.00 0.00 0.00 0.00 0.00 18.2 
70 0.00 0.07 0.02 0.06 0.01 17.0 
77 0.00 0.07 0.02 0.06 0.01 13.9 
84 0.00 0.07 0.06 0.07 0.01 13.1 
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Table 8 Oxygen concentration [mg/L] and temperature [°C] of the control and waterlogged plants during the 

experimental time  

A. anomala A. anomala measuring 
day waterlogged 1 waterlogged 2 

water 
temperature control 1 control 2 

water 
temperature 

1 2.48 0.11 23.2 7.27 8.51 23.0 
2 1.39 0.02 25.5 8.10 6.32 23.8 
3 0.93 0.02 24 8.36 7.13 24.0 
4 0.52 0.02 23.9 7.70 7.11 24.0 
5 0.20 0.02 26.1 7.80 6.72 25.9 
6 0.10 0.02 26.0 8.02 6.80 25.9 
7 0.10 0.02 22.3 8.50 7.11 22.3 
14 0.08 0.02 22.9 7.37 7.21 22.8 
21 0.08 0.02 29.7 7.39 6.71 29.3 
28 0.09 0.02 22.5 8.54 7.22 22.6 
35 0.10 0.02 19.3 9.06 8.91 19.8 
42 0.08 0.02 19.5 8.56 8.73 20.8 
49 0.07 0.01 18.5 8.84 8.73 19.3 
56 0.07 0.00 16.7 5.83 4.85 16.8 
63 0.00 0.00 15.1 7.60 7.55 14.4 
70 0.24 0.04 15.5 10.24 10.23 15.3 
77 0.27 0.04 11.5 11.26 10.21 11.4 
84 0.28 0.05 9.9 11.46 11.37 10.1 

H. compressa H. compressa measuring 
day waterlogged 1 waterlogged 2 

water 
temperature control 1 control 2 

water 
temperature 

1 1.27 4.60 23.1 7.74 8.53 23.2 
2 0.02 2.40 27.1 7.51 8.49 24.4 
3 1.87  23.9 7.67 7.78 26.5 
4 0.02 1.22 23.9 7.68 8.49 24.0 
5 0.02 0.69 25.6 7.35 8.14 25.6 
6 0.02 0.33 26 7.34 8.11 25.9 
7 0.02 0.20 22.5 7.73 8.53 22.3 
14 0.02 0.11 22.9 5.06 8.55 22.7 
21 0.02 0.10 29.7 7.47 7.04 29.3 
28 0.02 0.11 22.0 7.77 8.59 22.6 
35 0.02 0.13 19.3 7.53 8.24 19.8 
42 0.02 0.12 19.5 7.14 7.91 20.9 
49 0.01 0.12 18.2 6.75 8.02 19.6 
56 0.00 0.12 16.7 6.12 8.21 17.0 
63 0.00 0.03 15.1 4.79 7.59 14.3 
70 0.15 0.15 15.5 7.75 9.27 15.3 
77 0.49 0.18 11.5 8.42 10.15 11.4 
84 0.58 0.19 10.0 9.39  9.9 
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Lateral sections of roots and shoots of both submerged and control plant showed that both 

species developed aerenchyma (Figure 21). However, there were no differences in 

aerenchyma dimensions of A. anomala and H. compressa between submerged and control 

plants. 

 

 
Figure 21 Root lateral cuts of A. anomala 12 weeks a) flooding; b) control; H. compressa 12 weeks c) flooding; d) control 

                Bar: 0.1 mm  

 

Black plaques at the root tips were observed around the roots of 12 weeks submerged 

A. anomala (Figure 22). A red halo of oxidized Fe3+ had been produced close to root tips.  

Furthermore submerged A. anomala produced long adventive roots above the sediment in five 

of ten submerged plants (Figure 23). Black plaques and red halos at the root tips were also 

found in submerged H. compressa (Figure 24). Adventitious roots were first found at 

H. compressa after 6 weeks. 

 

   
Figure 22 A. anomala after 12 weeks  Figure 23 A. anomala after 12 weeks  Figure 24 A. anomala after 12 weeks 

flooding with reduced ferric halo        flooding with adventive roots              water logging with reduced ferric 

around the root tips                             grown under water                                halo around the root tips      
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3.3.2 Root growth 

The root and leaf parameters of the submerged plants of both species changed significantly 

during the experiment. Also a highly significant species reaction to submergence (p< 0.001) 

was found for all tested parameters: root length, root surface and leaf surface. Significant 

interaction species x flooding time (p< 0.01) clearly showed that the two tested species 

behaved differently during the 12 weeks of experiment. 

A. anomala had ongoing root growth up to nine weeks of submergence (Table 9). From 

week 9 on, A. anomala reduced its root length and root surface. The leaf surfaces of 

A. anomala increased up to week 9 of submergence but slightly decreased thereafter. 

H. compressa had ongoing root growth up to week 9 of the submergence experiment. Also the 

leaf surface increased up to 9th six weeks under submergence, but showed a decline in leaf 

surface to about 80 % compared to previous values during the last three weeks of the 

experiment.  

 

Table 9 Average root length, root surface and leaf surface of the submerged plants (n = 10) tested with Factorial 

ANOVA. Significance from the post-hoc test is given at (p< 0.05). Each parameter was tested between the 

different submerging times within one species (small letters) and between the two species (capitals).  

Species 
time of 

submerging 
root length 

[m] 
root surface 

[cm2] 
leaf surface 

[cm2] 
root/shoot ratio 

[cm2/ cm2] 
week 3 1.07aB 168.20aA 3.41aA 49.34 
week 6 5.33aB 263.80bB 6.16bB 42.83 
week 9 15.19bC 366.35cC 21.66cB 16.91 

A. anomala 
  

 week 12 6.74aB 260.30bB 17.42cB 14.95 
week 3 4.62aA 129.78aA 5.35aA 24.24 
week 6 4.93bA 122.95aA 7.83bA 15.70 
week 9 5.95cB 187.05bB 16.99bB 11.01 

H. compressa 
 
 week 12 5.63cB 141.72aA 3.49aA 40.65 
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The root diameter distribution showed significantly more fine roots and fewer roots with a 

diameter > 1 mm in the submerged plants of both species in autumn (Table 10). Under 

submerged conditions, especially in the summer experiment, A. anomala had in general less 

fine roots than under summer control conditions. In contrast to A. anomala, H. compressa 

plants did not loose their fine roots under submerged conditions in autumn and summer 

compared to control conditions in the summer experiment.  

 

Table 10 Average root length and relative root diameter distribution of A. anomala and H. compressa under 

submerged and control conditions between summer and autumn (n=10) tested with Factorial ANOVA; p < 0.05. 

Each parameter was tested between the different treatments in one species (small letters) and between the 

different treatments of each species (capitals).  

Species treatment time 

average 
root 

length 
[m] 

roots with a 
diameter of 
< 0.5mm 

[%] 

roots with a 
diameter of 
0.5 -1 mm  

[%] 

roots with a 
diameter > 1 

mm  
[%] 

submergence 
autumn week 12 1.76 76.05bB 18.05bB 5.90aA 
submergence 
summer  week 12 0.95 63.91aA 28.59cC 7.50aA 
control  
autumn week 12 3.22 67.63aA 21.91bB 10.46bB 

A. anomala 

control  
summer week 12 20.31 80.24cC 13.90aA 5.86aA 
submergence 
autumn week 12 0.97 73.07bB 23.50bB 3.44aA 
submergence 
summer  week 12 1.02 73.01bB 22.21bB 4.78aA 
control  
autumn week 12 1.77 60.29aA 32.25cD 7.46bA 

H. compressa 
 
 
 
 

control  
summer week 12 10.95 71.04bB 19.42aA 9.55cB 

 

 

3.3.3 Comparison of specific root parameters 

The plants showed different carbohydrate contents in their organs depending on submergence 

(Table 11) and had a different composition in the carbohydrate contents in the plant organs. 

After submergence the contents of fructose, glucose, and starch were lower in all parts of both 

plant species compared to the control plants. The sucrose amount in roots and shoots of both 

species was also lower after 12 weeks submergence. Shoots of both species under control 

conditions had the highest amounts of sugars (fructose, glucose and sucrose). Under 

submergence the highest amounts of sugars were found in the leaves of both species. Shoots 

and leaves of A. anomala under control conditions accumulated the highest starch levels.  
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After 12 weeks of submergence starch concentrations in the shoots of A. anomala declined to 

a 34.8 times lower level. Starch concentrations in the leaves were 4.6 times lower and in the 

roots 1.9 times lower compared to control plants.  

H. compressa showed the highest decline of starch concentration in the shoots. In the shoots 

of submerged H. compressa the starch concentration was 5 times lower than in the shoots of 

control plants.  

 

Table 11 Carbohydrate concentrations in plant organs after 12 weeks of submergence in the summer experiment 

Species treatment organ 
fructose 

[µmol g-1] 
glucose 

[µmol g-1] 
sucrose 

[µmol g-1] 
starch 

[µmol g-1] 

root 1.6 1.7 16.1 7.8 
shoots 2.6 1.7 19.9 74.0 submerged 

 leaves 5.8 4.3 20.3 65.0 
loot 11.5 9.9 70.4 14.8 
shoots 23.5 25.1 72.1 2574.0 

A. anomala 
 
 
 

control 
 leaves 15.5 23.4 11.7 300.0 

root 1.4 1.8 3.9 6.4 
shoots 2.9 4.4 11.8 1.3 submerged 

 leaves 5.8 6.4 15.8 5.9 
root 10.9 9.3 47.4 6.4 
shoots 31.8 35.5 33.2 6.4 

H. compressa 
 
 
 

control 
 leaves 10.6 19.8 9.9 21.0 

 

 

3.3.4. Seasonal dependence of growth parameters 

Both species behaved differently in the two treatments (submerged vs. control conditions) as 

well as regarding their seasonal reaction to submergence. Among the studied parameters only 

the leaf surface growth of A. anomala showed no seasonal dependence. However, root length 

and surface were substantially higher under summer conditions for control plants of both 

species (Table 12). For H. compressa all parameters: root length, root surface and leaf surface 

were significantly higher during summer than under comparable treatments in autumn.  
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Table 12 Average total root length and leaf surface data of the experimental plants after 12 weeks (n = 10) tested 

with Factorial ANOVA followed by a Post Hoc Fisher LSD test * = (p< 0.05); ** = (p< 0.01) 

Species treatment season 
root length 

[m] 
root surface 

 [cm2] 
leaf surface 

[cm2] 
root/shoot ratio [cm2/ 

cm2] 

submerged autumn 6.74 260.30 17.42 14.95b 
submerged summer 9.54 168.65 69.96 2.41a 
control autumn 22.54 584.46* 118.66 4.93a 

A. anomala 
 
 control summer 203.05** 2890.07** 273.20* 10.58b 

submerged autumn 5.63 141.72 3.49 40.65c 
submerged summer 10.18 151.77 81.77* 1.86a 
control autumn 12.30* 329.01* 187.53* 1.75a 

H. compressa 
 
 control summer 109.53** 2000.19** 259.63** 7.70b 
 

Plants of H. compressa had significantly higher leaf surface after 12 weeks of submergence in 

summer compared to the autumn experiment. The two investigated species had similar 

differences in the specific root length (SRL) and specific leaf area (SLA) in control and 

submerged plants (Table 13). Both species showed significant increase in the specific leaf 

area (SLA) during submergence. Also, increased specific root length (SRL) was observed up 

to week nine of submergence. Control plants of A. anomala showed the lowest specific root 

length and a high specific leaf area in the autumn experiment. The lowest specific leaf area 

was found in the control plants in summer. Summer and autumn submergence showed no 

differences regarding specific root length and specific leaf area for A. anomala plants.  

 

Table 13 Specific root length and leaf area of A. anomala and H. compressa under 12 weeks submergence and in 

control conditions in autumn (September – November 2008) and summer (April – July 2009) (n=10). Factorial 

ANOVA followed by Post Hoc Fisher LSD test was used; p< 0.05. Each parameter was tested between the 

different treatments and times in one species (small letters) and between the two species (capitals). 

Species treatment season 
SRL 

[m g-1] 
SLA 

[cm² g-1] 

submerged autumn 51.52bC 93.19bC 
submerged summer 44.06bB 99.85bC 
control autumn 33.86aA 104.59bC 

A. anomala 
 
 control summer 55.20cB 53.81aA 

submerged autumn 75.84cC 69.83cA 
submerged summer 121.83dC 56.45bA 
control autumn 41.85aB 90.78dB 

H. compressa 
 
 control summer 56.89bB 34.75aA 
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H. compressa had the highest specific root length in the summer-submerged plants, followed 

by the autumn-submerged plants. The specific root lengths were lower for all control plants. 

The control plants of H. compressa grown in autumn had the significantly lowest specific root 

length but highest specific leaf area. The lowest specific leaf area was found in the control 

plants of the summer experiment. 

 

 

3.4 Reaction of root growth to waterlogging of selected native plant species of 

the Three Gorges Reservoir 

 

3.4.1 Plant growth 

A. anomala, H. compressa and C. dactylon differed significantly in root length, root surface 

and leaf area. A. anomala had about two times the root length of H. compressa and four times 

the root length of C. dactylon (Table 14). Root and leaf area of A. anomala and H. compressa 

were higher than these parameters of C. dactylon.  

 

Table 14 Comparison of the growth parameters and specific root and leaf parameter in the different treatments 

and during the different growing times (autumn September – November 2008 and summer (April – July 2009) (n 

= 10) Each parameter was tested between the different treatments in one species (small letters) and between the 

species (capitals).  

Species treatment season 
root length 

[m] 

root/shoot 
area ratio 
[cm2 · cm2] 

root 
surface 
[cm2] 

leaf 
surface 
[cm2] 

SRL  
[m g-1] 

SLA  
[cm² g-1] 

control autumn  32.24aA 3.00 584.46aA 194.69bC 33.86aA 73.24bD 
waterlogged autumn  115.07bB 10.24 1802.08bB 175.94aB 94.72cB 74.36bD 
control summer 203.05cC 10.58 2890.07cC 273.20cD 59.59bB 57.44aC 

A. anomala 
 
 waterlogged summer 128.75bB 11.77 1935.90bB 164.48aB 75.19cB 55.73aC 

control autumn  17.70aA 1.55 329.01aA 212.43bC 41.85aA 90.78cE 
waterlogged autumn  82.14bB 9.58 1110.01bB 115.84aA 114.40bB 66.64bD 
control summer 109.53cB 7.7 2000.19cB 259.63cD 56.89bB 34.75aA 

H. compressa 
 
 waterlogged summer 103.01cB 7.05 1472.67cB 209.03bC 92.14bB 29.59aA 

control summer 42.18bA 4.38 782.30bA 178.67bB 52.68aB 43.29aB C. dactylon 
 waterlogged summer 11.49aA 2.32 340.78aA 108.85aA 95.75aB 41.75aB 
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3.4.1.1 Reaction to waterlogging in the autumn and in the summer experiment 

All studied species reacted significantly to waterlogging. In the experiment in autumn 2008, 

the two native species A. anomala and H. compressa built significantly more roots under 

waterlogging compared to control plants (Figure 15; Table 14) but the specific root length 

was the lowest in the waterlogged plants. The plant-specific reaction to waterlogging was also 

found on the leaf level, where the control plants of H. compressa had the highest specific leaf 

area (SLA) followed by waterlogged plants. When the experiment was repeated during the 

summer months, SLA declined significantly. However, specific root length and specific leaf 

area did not react to waterlogging in the summer experiment (Table 14). In contrast to the 

autumn treatment, root length of A. anomala declined in the waterlogged plants, whereas 

H. compressa showed no response (Table 14). Correspondingly to root length, also root 

surface showed pronounced response to waterlogging and time of the experiment. Also the 

leaf area of waterlogged plants were lower in summer. 

 

 
Figure 25 Habits of the A. anomala after 12 weeks 1) flooding 2) waterlogged 3) control growth 
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3.4.1.2 Seasonal dependence of growth parameters 

A. anomala and H. compressa had different reactions to the same treatment during different 

times of the year. A. anomala and H. compressa under waterlogged conditions increased their 

root length 3.5 times and 4.5 times, respectively, when growing from September to December.  

When the experiment was repeated in the summer next year A. anomala had higher total root 

length in the control treatment.  Waterlogging caused almost four times lower root length in 

C. dactylon compared to control conditions (Table 14).  

Leaf area was significant higher in the in the summer control plants. No significant 

differences between the treatments were found for root length and leaf surface. Whereas the 

specific leaf area (SLA) of A. anomala and C. dactylon did not react to waterlogging, the SLA 

of H. compressa declined under waterlogging during the autumn experiment.  

 

3.4.1.3 Root diameter distribution 

Waterlogging changed significantly the root diameter distribution for the native species 

A. anomala and H. compressa, which reaction was independent from the time of the 

experiment (Table 15). Waterlogged plants had significantly more very fine roots below 

0.5 mm diameter (Figure 24). The relative abundance of roots with a diameter above 0.5 mm 

was consequently higher in control plants. 

 

Table 15 Average root length and percentage root diameter distribution of A. anomala and H. compressa under 

waterlogged and control conditions in autumn 2008 (n=10).  

Species treatment season 

average 
root 

length [m] 

roots with a 
diameter of 
0 - 0.5mm 

[%] 

roots with a 
diameter of 
 0.5 - 1 mm  

[%] 

roots with a 
diameter  
> 1 mm 

[%]  
control autumn 32.24a 67.63a 21.91b 10.46b A. anomala 

 waterlogged autumn 115.07b 82.07b 13.68a 4.26a 
control autumn 17.70a 60.29a 32.25b 7.46b H. compressa 

 waterlogged autumn 82.14b 80.03b 15.11a 4.87a 
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This reaction to waterlogging was comprehensively studied in the second experiment run in 

summer 2009, where the root diameter distribution was evaluated at the half time (week 6) 

and at the end of the experiment (week 12; Table 16). Waterlogged plants of H. compressa 

and C. dactylon had consistently higher share of fine roots compared to control plants, though 

this difference was not so pronounced as during the autumn experiment (Table 15). For 

A. anomala no clear pattern of the relative distribution of root diameter was found. In contrast 

to the native species, waterlogged plants of C. dactylon had no significant root growth after 

week six of the experiment.  

 

Table 16 Average root length and percentage root diameter distribution of A. anomala and H. compressa under 

waterlogged and control conditions in summer 2009 (n=10). Average root length was tested with ANOVA Post 

Hoc Fisher LSD test; root diameter tested with ANOVA repeated measurements = (p < 0.05) 

Species treatment time 
average root 

length [m] 

roots with a 
diameter of 
0-0.5mm 

[%] 

roots with a 
diameter of 
0.5 -1 mm 

[%] 

roots with a 
diameter  
> 1 mm  

[%] 
control week 6 70.75a 79.51c 15.44a 5.05b 
waterlogged week 6 45.18a 78.31c 16.81a 4.88b 
control week 12 203.05b 80.24c 13.90a 5.86b 

 
A. anomala 
 
 waterlogged week 12 128.75c 79.03c 14.67a 6.31b 

control week 6 63.11a 74.31b 18.28c 7.41c 
waterlogged week 6 64.49a 83.08d 13.66a 3.26a 
control week 12 109.53b 71.04a 19.42c 9.55d 

H. compressa 
 
 waterlogged week 12 103.01b 78.35c 16.04b 5.61b 

control week 6 26.82b 72.28a 18.23a 9.49b 
waterlogged week 6 8.60a 75.23a 20.73b 4.05a 
control week 12 42.18c 71.94a 18.08a 9.98b 

C. dactylon 
 
 waterlogged week 12 11.95a 77.70b 17.38a 4.92a 
 

 

3.4.2 Carbohydrates 

Starch was generally higher concentrated in the leaves and shoots of the plants. A. anomala 

showed higher starch concentrations in leaves and roots, but therefore lower starch 

concentrations in shoots under waterlogging compared to control conditions. H. compressa 

showed the lowest concentration of starch. But H. compressa and C. dactylon showed no 

significant differences in the starch concentrations between waterlogged and control plants.  

The mobile sugars glucose, fructose and sucrose (Table 17) were quite heterogenic 

concentrated in the different plant organs.  
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Table 17 Carbohydrate concentration in plant organs of 12 weeks old summer grown waterlogged and control 

plants.  

Species treatment organ 

glucose 
[µmol·g-

1] 

fructose 
[µmol·g-

1] 
sucrose 

[µmol·g-1] 
starch 

[µmol·g-1] 
leaves 10.72 10.56 35.61 299.97 
roots 9.88 11.48 70.42 14.81 control 

 shoots 25.08 23.49 72.12 2574.00 
leaves 16.91 15.74 35.87 761.55 
roots 8.57 7.46 64.48 108.22 

A. anomala 
 
 
 

waterlogged 
 shoots 19.34 18.94 88.10 2184.67 

leaves 12.17 6.99a 17.06 21.03 
roots 9.28 10.89 47.44 6.37 control 

 shoots 35.55 31.75 33.21 6.43 
leaves 17.09 29.0 8.55 26.24 
roots 7.47 8.30 89.55 5.96 

H. compressa 
 
 
 

waterlogged 
 shoots 32.77 29.22 39.06 10.25 

leaves 3.70 3.82 47.29 1407.33 
roots 3.70 3.55 71.05 181.04 control 

 shoots 8.57 6.60 75.26 2151.00 
leaves 1.53 1.16 33.79 1485.67 
roots 6.08 9.15 112.76 128.10 

C. dactylon 
 
 
 

waterlogged 
 shoots 10.26 5.85 109.66 1958.00 

 

 

3.4.3 Organic acids 

Acetate, formate and lactate were found in nearly all measurements (Figure 26) of the 

waterlogged and control treated plants of A. anomala, H. compressa and C. dactylon. The 

highest concentrated organic acid found under waterlogged conditions was acetate. Acetate 

was mostly found in the rhizosphere of A. anomala and H. compressa under waterlogging. 

Citrate, malate and oxalate were not found regularly in the rhizosphere of waterlogged and 

control treatments A. anomala, H. compressa and C. dactylon 
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Figure 26 Concentrations of the different organic acids in the rhizosphere of the tested waterlogged and  

                control plants during the experimental time in summer 2009. The shown data are means (n = 5). 

 

It can be seen (Figure 28 b) that the organic acids had an increase in the rhizosphere of all 

plants in the first two weeks after planting. During this time of acclimatizing, the control 

plants of H. compressa showed even more organic acids in the rhizosphere than the 

waterlogged plants. In the rhizosphere of waterlogged A. anomala the organic acids 

concentration was in median 50 % higher than in the control plants. In the rhizosphere of the 

waterlogged C. dactylon the organic acids concentration was even 12 times higher than in the 

control plants.  
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Figure 27 Oxygen concentration in the rhizosphere of the tested plants during the experimental time in autumn 2008. 

The shown data are means (n control =5; n waterlogged = 2). 

 

In the second part of the experiment the organic acids concentrations of the waterlogged 

A. anomala and H. compressa were in median two times higher than in the control plants. 

C. dactylon showed no significant difference in the organic acid concentrations of the 

waterlogged and control plants after acclimatization. 

When the rhizosphere was oxygen-depleted (Figure 29), plants had higher concentrations of 

organic acids in their rhizosphere which can be attributed to root exudation. 
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Figure 28 Oxygen a) and total organic acids b) concentration in the rhizosphere of the tested plants during the 

experimental time in summer 2009. The shown data are means (n control =5; n waterlogged = 2). 
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Figure 29 Total concentration of root exudates in relation to oxygen in the rhizosphere under waterlogged 

conditions.  

 

 

4 Discussions 

 

4.1 Capability of different Yangtzekiang riverside plants to control soil erosion 

 

These results show, that H. compressa, C. dactylon, A. anomala and P. karka have the 

advantage or possibility to produce new roots and shoots. That makes it possible for them to 

get a more intensive root distribution. With this higher rooting distribution they can acquire 

open soil patches and protect a greater soil surface (Abernethy and Rutherfurt, 2001). 

H. compressa and C. dactylon are able to regrow soils quite fast because of their creeping 

growth type. The ability to build new roots in distance to the plant origin is quite 

advantageous. At the riverside H. compressa and C. dactylon were frequently overlaid with 

new sediments during the flooding. So shoots had to grow out of the soil. By washing out 

C. dactylon of the riverside soil it was shown that some samples only had shoots but no roots 

in more than the first 10 cm depth. 
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Observations at the riverside confirmed that A. anomala also built many vegetative shoots 

after flooding. Bended shoots which were in contact with the soil also started creeping and 

building new roots. Growing experiments displayed that A. anomala is able to built new roots 

under humid, as well as under waterlogged conditions. P. karka showed a reduced growth in 

the hot summer months. At the riverside the vegetation was flooded at this time, which means, 

that this species was well adapted to the old flooding rhythm in the Three Gorges Reservoir. 

After the flooding a lot of shoots of P. karka were pushed or washed down by the water and 

in consequence the shoots lost their leaves after less than two weeks of flooding. At the nodes 

of these plants which were in contact with the soil the plants started to spread out vegetatively. 

Previous investigation on the soil runoff showed a correlation to the root length (Reid and 

Gross, 2002; Micheli et al., 2002). A. anomala reached the highest total root length and had 

with C. dactylon the lowest soil runoff per root length (Figure 17). They were followed by 

H. compressa and P. karka with the lowest total root length. C. dactylon affected the soil 

differently. The shoots of C. dactylon are often found buried in the soil after flooding 

(Browning, 1073; Cheng et al., 2003). Even after a long time in the soil the shoots show no 

damages or rotting. Under these circumstances shoots of C. dactylon can take the role of the 

root soil penetration and soil protection. Furthermore, C. dactylon, as well as H. compressa 

act like an efficient particle filter in the flowing water and can keep and collect soil particles 

quite efficiently because of the high number of leaves and shoots. This demonstrates that the 

close soil cover by the shoots and leaves of creeping species also plays an important role in 

the reduction of soil runoff. Especially C. dactylon with its small leaves and thin shoots does 

not have such a high projected soil cover rate (Figure 16), but can hold soil quite effectively 

(Andreu et al., 1995; Gyssels and Possen, 2003). Because H. compressa and C. dactylon are 

often overlaid by new sediments during the flooding and the shoots had to grow out of the soil 

again, it was not possible to calculate the root influence of the soil runoff.  

In the pot experiment A. anomala covered substantially more soil than H. compressa, 

C. dactylon or P. karka. This is caused by two reasons: (1) H. compressa and C. dactylon 

have alternate leaves and the shoots try to grow vertically. So the leaves cover each other, but 

not large areas of soil surface and (2) when the shoots of this creeping species are old and 

long enough they sink down to the soil and start creeping. Most H. compressa shoots grew 

vertically after 3 weeks and changed their growing direction to horizontal after week 6. The 

shoots of C. dactylon grew much longer (in length and time) and started sinking down in 

week 6.  
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The soil cover of the samples of the Jailing riverside difference from the soil cover found in 

the pot experiment after 12 weeks growth. This is caused by the different growing habits 

which themselves were caused by the flooding. The plants taken at the Jailing riverside were 

partly overlaid with sediments. But the plants had a high biomass reserve in the soil to start 

regrowing the new soil. So H. compressa and C. dactylon developed no long above ground 

creeping vegetative shoots, but a lot of new shoots growing out of the sediment overlaid 

biomass. A. anomala in contrary developed a lot of above ground creeping shoots. This 

feature is one aspect which is going to change in the Three Gorges Reservoir. There will be 

no more flooding in the Three Gorges Reservoir in summer which will cause significant 

changes in growth dynamics.  

The fact that the projected soil cover under H. compressa in the pot experiments did not 

reach the values of projected soil cover of the samples taken from the Jailing shows that the 

vegetation time of 12 weeks in summer was to short for this species to protect the soil against 

run off as effectively as naturally grown plants. Growth measurements showed that the best 

growing conditions for H. compressa are to be found with lower temperatures in autumn. So 

this advantage at the Yangtzekiang riversides will get lost in the new flooding rhythm with 

the lowest water levels in the hot summer time at the Three Gorges Reservoir.  

Nevertheless the absolute soil runoff as well as the soil runoff related to the above ground 

biomass shows no significant difference between the 12 weeks cultivated plants of the 

different species and the samples of the same species taken from the Jailing riverside. This 

shows that a growing time of 12 weeks can be enough to get estimates about the projected 

soil cover and the full soil protecting ability which these riverside species can provide under 

natural conditions.  

The different growth forms, tussocks and creeping, have different advantages. The species 

with alternate leaves can grow in dense populations also as spreading climbing plants. This 

provides a position at the sunlight and can secure the plant from overgrowing at low 

investment in supporting structures. In unvegetated areas the shoots are able to go down, 

creep and get in contact with the soil. When an internode of a shoot gets in direct contact 

with the soil the plant is able to build new roots. These creeping species seem to have the 

advantage that they can penetrate the soil with new roots at more spots and thus stabilize the 

soil. During water flow the fixed shoots and the leaves protect the soil at more different 

points. As a result, areas between two plants which can be eroded by the water flow are 

smaller.  
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Because of the numerous horizontally lying shoots there are also many flow-protected areas 

where the sediments also can be deposited as water flow velocities decreases. Tussocks-

building plants cover the soil next to their base fast. As a consequence it is more difficult for 

other plants to settle in their vicinity. Thereby the plant guards itself for competition by very 

effectively covering the soil around itself. Furthermore every leaf gets maximum sunlight 

with minimum self shading.  

A disadvantage of this growth form, i.e. by using A. anomala for soil protection is that they 

have to be planted very densely. The roots penetrate and the leaves cover the soil just around 

plant origin. Plants would have to be planted as densely as they overlap with their leaves and 

root systems. In open soil areas between the plants the water can launch into the soil and 

wash out gules. Still, under natural conditions as well as under the experimental planting, 

A. anomala showed the best suitability to mitigate soil erosion through fast root growth.  

Under natural conditions all four species A. anomala, H. compressa, C. dactylon and P. karka 

showed the ability to creep and built vegetative plant organs. But for the species A. anomala 

and P. karka it seems to be very promoting to get a short flooding before the flowering period, 

because the floods push the shoots down to the soil and cause creeping and building 

vegetative shoots. But the normal summer flooding will not happen any longer in the Three 

Gorges Reservoir, because of the dam collecting the water of the summer floods for irrigation. 

This will cause a change in the growing characteristics of A. anomala and P. karka. Because 

of the fast root growth and the high investment in its roots A. anomala was found the most 

successful in mitigating soil erosion. It invests more than 1/3 of its biomass in root structures 

and shows the highest root length. Even though it grows in horsts A. anomala shows the best 

soil cover and is a very efficient soil keeper. 
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4.2 Sediment stabilizing capability of three plant species of the Three Gorges 

 

4.2.1 Regrowth capacity 

A. anomala seems to be the most sensitive plant to overlaying with new sediments; it shows 

the lowest root growth ratios. Higher sediment covering on A. anomala plants impairs the 

plant’s ability to grow out and on the new soil surface. The most likely explanation is that 

A. anomala grows from a basal meristem fixed at the soil surface and is not creeping like 

H. compressa and C. dactylon. This means that when most leaves of A. anomala are overlaid 

by new sediments, the plant needs to build new meristems. A. anomala plants will produce 

new meristems and roots at the sediment surface to secure the supply of new leaves with 

water and nutrients. Especially, plants of A. anomala with 18 cm new sediment cover lose 

high amounts of leaf surface and shoot and have thereby less photosynthetic active surfaces to 

recover growth on the new surfaces. In addition, the problem wherein A. anomala has to 

outgrow the new soil surface is shown in the projected soil cover (Figure 18).  

H. compressa was found to be well adapted to overlaying by new sediments. When flooded, 

the shoots of H. compressa swim. During sedimentation the sediments are deposited at the 

base of the plants and the shoots remain on the surface of the new soil. Thus, H. compressa 

did not loose as much leaves and photosynthetic active shoots due to sediment cover 

compared to A. anomala.  

After 12 weeks of growth, H. compressa even had more roots and leaf surface in the pots with 

10 cm and 18 cm new sediments than in the pots with 5 cm new sediments. Also, the relative 

root growth was significantly higher in pots with 10 cm and 18 cm new sediments. The 

absolute root mass in the new sediment layer of these pots was even higher than the absolute 

root mass in the deeper soil layer. This shows that H. compressa even benefited from the new 

sediments. In the new soils it could increase its root and above ground growth. The projected 

soil cover shows the good adaptation of H. compressa to overlaying with sediments. 

H.  compressa covered significantly more soil than the other species at the end of the 

experiment.  

C. dactylon was also found to tolerate well overlaying by sediments up to the tested thickness. 

The growth data show no significant difference between the sediment treatments. This means 

that even 18 cm new sediments were tolerable for C. dactylon. Similarly to H. compressa, the 

shoots of C. dactylon swam during the sedimentation and stayed at the new sediment surface. 

After flooding C. dactylon showed generally faster leaf and root growth than H. compressa.  
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4.2.2 Soil protecting ability 

The erosion test showed that all three plants investigated could reduce the soil runoff (Figure 

19). Compared to unvegetated soil all treatments could reduce the soil runoff from 68 % up to 

92 %. The results of this experiment show different abilities of A. anomala, H. compressa and 

C. dactylon to mitigate erosion after flooding and deposition of new sediments. There were 

just few studies using plants to mitigate erosion in riverbeds (Allen and Lech 1997; Wynn, 

2004; Chengzhong et. al, 2006; Nord et. al., 2009). Most studies coop with no or shorter 

flooding events than found in the Yangtze area. 

A. anomala had the largest problems in coping with the new sediments. Therefore, pots 

planted with A. anomala had the highest soil runoff. C. dactylon exhibited the best soil 

stabilizing and protecting capacity. Due to their growth type, C. dactylon and H. compressa 

are able to start to regrow and stabilize the soil quickly. Furthermore they produce new roots 

and shoots at many different locations in the soil. C. dactylon produces small leaves and many 

shoots and roots. Even in a short period, C. dactylon penetrates the soil with new roots and 

builds new vegetative shoots. This may be the reason why C. dactylon has, even with less leaf 

surface (Figure 20b) and root length (Figure 20c), better soil holding capacity than 

H. compressa. Figure 11a shows that the projected soil cover (Figure 18) is not directly 

related to the soil runoff (Figure 19). The projected soil cover of H. compressa was the 

highest of the three species, while the soil runoff of C. dactylon was significantly lower. Both 

root length and leaf surface showed a direct species-specific correlation to the soil runoff 

(Figures. 20 b and Figure 20 c). 
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4.3 Adaptations to flooding and seasonal difference in growth parameters of  

          Arundinella anomala and Hemartria compressa 

 

4.3.1 Plant reaction and growth during submergence 

A. anomala and H. compressa can be found in habitats with a wide range of soil water 

contents. They need a well developed root system to take up enough water from deeper 

sediment layers during the hot and dry summer which can change rapidly by floods creating 

waterlogged soils and submergence. An adaptation to such fast change in environmental 

condition can be found in their root morphology. It was shown that A. anomala and 

H. compressa build aerenchyma obligatory. This is known from water plants and few plants 

growing in the lower water fluctuation zone like Rumex maritimus (Laan et al., 1989) and 

different tree species (De Simone et. al, 2001). Other studies on the aerenchyma formation in 

A. anomala also found aerenchyma in not flooded and waterlogged plants (Chen et al., 2007b; 

Zhang et al., 2008). But A. anomala showed no shoot elongation when flooded as found in 

H. compressa (Luo et al., 2010) or Rumex palustris (Cox et al., 2003). 

Further adaptations to submergence can be seen in the production of adventive roots under 

flooding. Visser et al. (2005) demonstrated that this enables better diffusion of reduced 

compounds through young adventive tissues into the water body compared to the diffusion 

through the old roots into waterlogged soils. Adventive roots were already found during the 

first sampling of A. anomala after 3 weeks submergence. Chen et al. (2007a) described 

decreasing intensities of adventive root formation in A. anomala depending on increasing 

water depth. This indicated a light-dependent activity in the submerged A. anomala and 

confirms the potential for underwater photosynthesis of A. anomala as reported by Luo et al. 

(2008). First adventive roots in H. compressa were found much later: after 9 weeks of 

submergence. H. compressa had air lacunaes in the shoots, which enables to store a large 

quantity of oxygen during flooding. Therefore this species may be able to keep aerobic 

metabolic pathways for a longer time span than A. anomala and therefore produced the 

adventive roots later. A third adaptation of A. anomala and H. compressa to submergence can 

be seen in the ability to oxidize the waterlogged soils in their rhizosphere. Red halos and 

black plaques found in experimental plants under flooding indicated the radial oxygen loss 

from roots of both species. 
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A. anomala and H. compressa showed a quite similar reaction to submergence. Both species 

could continue to produce new roots up to two months of submergence (Table 9). General 

reaction would be an immediate stop of growth (Armstrong, 1979; Armstrong et al., 1994) 

and subsequent lost of roots caused by rot (Drew, 1997). This demonstrated the high 

adaptation of A. anomala and H. compressa to submergence.  

As late as after two months (week 9 of the experiment) both species stopped their growth and 

hibernated. This pattern of root growth under waterlogging is also known from Trapa natans 

(Menegus et al., 1992), which inhabitates shadow lakes. A. anomala showed a change in the 

root diameter distribution during submergence. The proportion of very fine roots 

(diameter < 0.5 mm) and the roots greater than 1 mm (Table 10) was reduced. The reduction 

of the very fine roots may be caused by the plant use of carbohydrates during submergence 

(Table 12) and subsequent root shedding (Ooume et al., 2009). This carbohydrate decrease 

differed according to plant species and age and was susceptible to submergence duration, 

submergence depth and submergence environment (turbidity, oxygen and carbon dioxide 

concentration, pH and temperature; Ram et al., 2002). It had been shown (Ye, 2010), that 

A. anomala especially reduced the carbohydrate concentration in its roots during submergence. 

Furthermore A. anomala and H. compressa lost a lot of its leaf and shoot biomass in the first 

weeks of submergence. The specific root length (SRL) increased during the duration of the 

flooding experiments. This indicates that A. anomala and H. compressa, like other 

submergence-adapted plants (Schüter and Crawford, 2001; Voesenek et al., 2006) utilize 

stored energy to survive under flooding.  

 

4.3.2 Seasonal dependence of growth parameters 

A. anomala showed the lowest specific root length in the control plants in autumn. The reason 

may be that A. anomala like other grasses, (Garver et al., 1988; Woolf and Madsen, 2003) 

store energy in its roots in order to overcome the flooding. So the roots were heavier per unit 

root length than in the summer plants. Despite of flooding stress the seasonal dynamics of the 

specific root length and leaf area showed that the produced roots and leaves of A. anomala 

during submergence were in a normal range for roots and leaves found in this species.  

H. compressa showed seasonal differences in its biomass under submerged as well as control 

conditions. Caused by the adverse growing conditions under submergence, the seasonal 

differences were less pronounced in the aboveground plant parts as they were under control 

conditions.  
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A. anomala had the higher total root length compared to H. compressa, but the latter showed 

higher total leaf surface. This illustrated that A. anomala investigates more energy in root 

structures than H. compressa. H. compressa, on the other hand, mainly invested its 

carbohydrates into the production of aboveground structures. The specific leaf area of 

H. compressa was reduced in the control plants grown in autumn, probably because 

H. compressa was able to continue to grow during this time (Table 13) (Rechcigl and Adjei, 

2005) and to produce shoots and leaves with a much lower biomass investment (higher 

specific values for leaves and roots) than in the summer (Table 14). Therefore H. compressa 

had a significant advantage under the previous growing conditions in the Three Gorges area, 

when the natural floods occurred in summer. In autumn however, when most other plants 

have quite low growth rates or stay dormant, H. compressa could regrow and inhabited the 

soils of the water fluctuation zone. But at the new flooding rhythm in the Three Gorges 

reservoir H. compressa will loose this advantage. 

Both species showed quite similar reactions to the future flooding conditions in the Three 

Gorges Reservoir. The lower water temperatures during the autumn submergence will even 

improve their ability for a long time survival (Huang et al., 1998; Das et al., 2009). Low water 

levels in the reservoir during summer will improve growing conditions compared to their 

previous main growing season in autumn.  
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4.4 Reaction of root growth to waterlogging of selected native plant species of 

the Three Gorges Reservoir 

 

4.4.1 Plant growth 

As known from other plants (Steffens et al., 2005), all three investigated species had a higher 

leaf growth in control plants compared to waterlogged plants during summer (Table 14). 

Because of the higher leaf growth in H. compressa in autumn compared to A. anomala and 

C. dactylon the specific leaf area of H. compressa control plants were significantly higher. 

Growing conditions were worse than during summer because of lower temperatures and 

radiation. So this new leaves were not able to produce as much carbohydrates as the summer 

leaves. Under control conditions in autumn the root length of A. anomala and H. compressa 

was much lower after 12 weeks than under control conditions in summer (Table 14). This 

illustrates a typical seasonal growth as found in other grasses (Graver et al., 1988; Woolf and 

Madsen, 2003). The specific root length of A. anomala and H. compressa plants was 

significantly lower in control plants from the autumn experiment than in other treatments of 

the same species. Both species had a lower root growth in control plants during autumn. 

Therefore they did not spent their energy stored during autumn and stored more carbohydrates 

in their roots. The absolute root length and specific root length in the waterlogged plants in 

autumn did not differ significantly from the absolute root length and specific root length in the 

waterlogged plants from the summer experiment. So the reason for the higher root length in 

waterlogged plants in autumn compared to the autumn control plants of A. anomala and 

H. compressa could be explained in a reduced root growth and accumulation of carbohydrates 

in the control plants (Davies et al., 2000; Mauseth, 2003), while the waterlogged plants of 

A. anomala and H.  compressa had an ongoing growth.  

C. dactylon was added in summer as a non-native plant with a lower root growth under 

waterlogged conditions. Originally growing in an another habitat it did neither show a higher 

root growth with more fine roots under waterlogging in winter nor in summer. C. dactylon 

showed, like A. anomala, a higher root growth during control conditions in summer compared 

to waterlogged conditions in summer. Furthermore C. dactylon had significantly less fine 

roots in summer control plants. But contrary to A. anomala and H. compressa, C. dactylon 

had poor root growth under waterlogging.  

 

 



72 

 

4.4.1.1 Water logging in autumn 

In autumn the waterlogged plants of A. anomala and H. compressa showed significantly 

higher root length and significantly higher amounts of fine roots (Ø = 0 mm - 0.5 mm) 

(Table 15) than control plants which were cultivated by watering once a week. This result 

differed from the normal reaction of plants to waterlogging (Armstrong, 1979). Waterlogged 

plants of A. anomala and H. compressa had an ongoing growth. It seams the higher root 

growth in waterlogged plants in autumn was a specific stress reaction of those species. The 

reason for the higher amount of fine roots (0 mm - 0.5 mm) could also be connected with 

worse growing conditions of autumn climate. With lower radiation and temperatures the 

plants could not produce the amount of carbohydrates they would be able to produce during 

summer. Caused by waterlogging stress the plants could not down-regulate the root growth. 

But they produced thinner roots because they possibly did not have as much carbohydrates as 

in summer. 

 

4.4.1.2 Water logging in summer 

The experiment was repeated in summer, the main growing time of A. anomala and 

H. compressa. The specific root length of the waterlogged A. anomala and H. compressa in 

autumn (Table 2) was not very different to the specific root length of summer control plants 

(Table 3). This proves that the waterlogged roots could be supplied with all necessary 

products, like carbohydrates and oxygen and did not suffer from intolerable stress. 

A. anomala had higher root growth under summer control conditions than under summer 

waterlogged conditions.  

The root diameter distribution of control and waterlogged plants of A. anomala in summer 

(Table 15) was nearly equal to the root diameter distribution of the waterlogged plants of 

A. anomala in autumn (Table 14). It seems that A. anomala did not need to change their root 

morphology to react to waterlogging. A. anomala and H. compressa build root aerenchyma in 

dry and flooded soils. So they were able to use roots produced under control soil conditions 

and build fine roots during waterlogging. H. compressa had no significant difference in the 

root length growth in the two different treatments in summer (Table 15). Additionally 

H. compressa build significantly more fine roots in waterlogged plants in summer again. That 

plant reactions are contrary to identified reactions like they were observed at Atriplex patula 

(Maganti et al., 2005) or Lupinus luteus and Lupinus angustifolius (Davies et al., 2000). These 

authors have found shorter thicker roots in their investigated plants under waterlogging. 
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4.4.2 Morphological and physiological changes during waterlogging 

 

4.4.2.1 Carbohydrates 

Waterlogging usually causes decreasing concentrations of organic compounds as sugar 

(Ooume et al., 2009). In this experiment sugar and starch concentration (Table 17) was higher 

in some waterlogged structures. A. anomala had more starch in waterlogged leaves. Wample 

and Davis (1983) and Liano and Lin (1994) also reported a rise in leaf starch concentration 

under waterlogging. They suggested that this was induced by impaired transport of 

photosynthates in the phloem and a declining sucrose concentration in the leaves.  

 

4.4.2.2 Root exudates 

The root exudates measured during summer showed significantly higher concentrations of 

organic acids in the rhizosphere of A. anomala and H. compressa under waterlogged 

conditions (Figure 28 a). It could not be estimated whether these products were released by 

the plant’s roots or produced by microorganisms in the soil (Jones et al., 2004). Located right 

at the surface up to 2 mm around the root (Bertin, 2003) the microorganisms immediately 

absorb all useful root exudates. But even if the examined organic acids were products of 

microorganisms higher exudation by the plant’s roots means more substrat for fermenting 

bacteria thus leading to higher amounts of fermentation products. So the higher amount of 

organic acids in general was at least caused by a reaction of the plants to waterlogging. Uren 

(2000) differentiated production of root exudates according to plant species, cultivar age and 

stress factors. These results showed that different plant species and samples taken to different 

times can hardly be compared. 

A. anomala and H. compressa might show a stress reaction by producing more organic acids. 

But the stress range could not be classified and compared because different species produce 

different amounts of root exudates as a reaction to different environmental conditions. Lack of 

O2 and other electron acceptors like ferric iron in this nutrient-poor sediment may also limit 

sudden strong reactions (Dannenberg and Conrad, 1999; Hori et al., 2007) 

A. anomala and H. compressa are highly adapted to the changing soil water conditions at the 

Yangzekiang riverside. During waterlogging both species showed no reduced growth or 

accumulation of carbohydrates in their roots in autumn. Therefore no strong change in the 

root exudates were expected. 
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The ability of the two native plant species A. anomala and H. compressa to produce a higher 

root density under waterlogging in autumn can be regarded as an advantage when using these 

two plant species to mitigate erosion when the Three Gorges Reservoir has it`s highest water 

level in autumn and winter. Right at the water surface and in the upper 15 cm of water the 

shores are most endangered by erosion (Gray and Sotir, 1996; Li and Eddlemann, 2002; 

Simon et al., 2004). This two species produced more roots exactly at this range and can 

protect those highly endangered shorelines better.  
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5. Conclusion 

 

The different plant reactions to waterlogging, flooding and overlaying with new sediments 

during flooding have been analyzed (Table 18). The advantage of H. compressa to regrow and 

inhabited open soils in autumn will get lost with the new flooding rhythm in the Three Gorges 

reservoir. Therefore the species selection for plantings should be made according to their 

abilities to grow out of new sediments, protect the riversides and to stabilize new sediment 

layers (Tenten et al., 2010). Without new sediments A. anomala would be the better species to 

stabilize the shores of the Three Gorges Reservoir, but with the expected new sediment layers 

H. compressa  and C. dactylon could stabilize the soil faster. 

A. anomala and C. dactylon had the fastest growth of the investigated species. They were able 

to produce a projected soil cover and root density after 12 weeks of growth like they do 

naturally occuring. This two species also were the best tested soil holding species. A. anomala 

could produce more then twice it’s structures above ground and more then 20 times it’s root 

length after 12 weeks. The root length rose from 2.4 m to 53.5 m (Table 1). C. dactylon could 

produce 1.5 times it’s structures above ground and 23 times it’s root lengths. The root length 

rose from 1.8 m to 42.4 m (Table 4). Both species could reduce soil runoff significantly.  

 

Table 18 Plant ranking list for the tested parameter. For each analyzed parameter of erosion control the plant 

species were given points from one (for just show a poor effect in this species) to three (shows the best effect) 

 

Analyzed parameter A. anomala H. compressa C. dactylon 
root growth 3 2 2 
leaf growth 3 2 2 
growing type/habit 2 3 3 
energy for root biomass 3 1 2 
soil covering 3 1 2 
soil runoff (without new sediments) 3 2 3 
flooding tolerance leaves 3 2 2 
tolerance to new sediment layers 1 2 3 
soil runoff (with new sediments) 1 2 3 
root density under waterlogging 3 3 1 
root growth under waterlogging 2 3 1 
Points 27 23 24 
 

 



76 

 

Caused by the growth type in tussocks with fixed ground meristems A. anomala had huge 

problems with new sediment layers. Furthermore if used in plantings to stabilize sediments it 

has to be planted very dense, that roots and leaves of neighbor plants grow cross each other 

and overlap during one growing period. C. dactylon grows as a creeping grass. So the 

different plants grow cross each other during 12 weeks of growth. Furthermore C. dactylon 

builds new roots at the creeping shoots. These roots insert and stabilize the soil at much more 

different spots than A. anomala.  

Single plants of C. dactylon can be grown to a dense vegetation cover and open spots, where 

water could flush soil away are regrow by shoots and stabilized by roots after 12 weeks. 

Another advantage of this growth type can be seen at the regrowth of new sediments. During 

the sedimentation the shoots of C. dactylon muster. Therefore above ground biomass is not 

overlaid by new sediments so fast. After being overlaid with new sediments C. dactylon 

immediately continue growing. It does not need to build a new ground meristem like 

A. anomala. So it can stabilize the new soils much faster than A. anomala. A. anomala 

showed high growth rates during waterlogging and also an intensive root growth during 

waterlogging in autumn. Meanwhile C. dactylon nearly stopped growing under waterlogging. 

So finally it can be said, that in the upper parts of the Three Gorges Reservoir with expected 

high sedimentation C. dactylon is better for plantings to stabilize the riverside (Figure 30) and 

is a better selection on frequently used riversides because it is much more step resistant than A. 

anomala. On the other hand A. anomala is better on riversides with a high flow velocity, 

where no new sediment layers are expected. It puts more energy in root structures and it 

rooted deeper. Thus it stabilizes also deeper soil layers. Furthermore at the waterlogged levels 

of the water fluctuation zone during high water A. anomala the advantage to produce a very 

dense root system. So the water saturated soils are stabilized better by this species. 

A. anomala also grows better on very step coarse riversides. It can fix itself very effectively in 

every small crack and gap between rocks.  
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plants suitability for flooded reservoir shores

new sediment cover
trampling resistant

high flow velocity
coarse sediments 

and / or steep slopes 

C. dactylon A. anomala A. anomala

 

Figure 30 Plant using list for plantings under different ecological conditions at the Three Gorges Reservoir 
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Zusammenfassung 

 

Es wurden die Reaktionen heimischer Pflanzen des Jangtsekiang auf Staunässe und 

Überflutung, sowie die Reaktion der Pflanzen auf Überlagerung mit neuen Sedimenten 

während der Überflutungszeiten analysiert (Tab. 18). Der Vorteil von H. compressa im Herbst 

vegetationslose Uferflächen wiederzubesiedeln geht auf Grund der neuen Überflutungszeiten 

im Drei.Schluchten-Stausee verloren. Daher sollte die Wahl der Pflanzenarten zum befestigen 

der Hänge an der Fähigkeit aus neuen Sedimentschichten hervorzuwachsen und das Flussufer 

zu stabilisieren und schützen getroffen werden (Tenten et al., 2010). Ohne neue 

Sedimentschichten ist A. anomala die bessere Art um die Ufer der Drei Schluchten Stausee zu 

festigen. Mit erwarteten neuen Sedimentablagerungen können H. compressa und C. dactylon 

die Böden schneller stabilisieren. 

A. anomala und C. dactylon waren die am schnellsten wachsenden Arten. Beide Arten sind 

ebenfalls in der Lage nach einer Wachstumszeit von 12 Wochen eine Oberflächendeckung 

und eine Wurzeldichte zu bilden, wie sie auch am Naturstandort vorzufinden ist. Zudem 

zeigen beide Arten die besten Fähigkeiten der getesteten Arten den Boden zu stabilisieren. 

A. anomala konnte im Versuch nach 12 Wochen Wachstum ihre Blatt- und Sprossfläche mehr 

als verdoppeln und mehr als 50 mal die Wurzellänge produzieren, die sie zu beginn der 

Wachstumszeit hatte. C. dactylon konnte 1,5-mal die Blatt- und Sprossfläche und 20-mal die 

Wurzellänge der Versuchspflanzen zu Beginn des Experiments bildeten. Diese beiden 

Pflanzenarten können Erosion signifikant reduzieren. 

Aufgrund des horstförmigen Wachstums mit einem fixen Wachstumspunkt am Boden und 

einer allorrhizen Bewurzelung von diesem Punkt ausgehend hat A. anomala große Probleme 

mit neuen Sedimentauflagen. Außerdem muss A. anomala sehr dicht gepflanzt werden, damit 

sich die Blätter und Wurzeln von Nachbarpflanzen überschneiden. Nur so kann Wasser nicht 

in den unbewurzelten Boden zwischen zwei Pflanzen eindringen und ein effektiver 

Erosionsschutz  mit A. anomala-Bepflanzungen gesichert werden. C. dactylon wächst 

kriechend. Daher können einzelne Pflanzen während der 12 Wochen Wachstumszeit leicht 

ineinander wachsen. C. dactylon kann daher auch eine größere Fläche bewachsen und auch 

offene Stellen, Stellen an denen Wasser Boden ausgespült hat schnell wieder besiedeln und 

festigen. Zudem können die einzelnen Sprossen an jeder Blattscheide neue Wurzeln bilden. 

So kann C.  dactylon den Boden an mehr Stellen durchwachsen und festigen als A. anomala.  
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Ein weiterer Vorteil des Wachstums mit kriechen Sprossen kann in der Fähigkeit der raschen 

Besiedelung neuer Sedimentschichten gesehen werden. Während Überflutungen schwimmen 

die noch nicht bewurzelten Sprossen von C. dactylon Richtung Wasseroberfläche. So wird 

nicht so viel der Blätter und Sprossen von C. dactylon von Sedimenten überlagert und nach 

der Überflutung sind die Wachstumspunkte immer noch an der sich neu bildenden Oberfläche. 

C.  dactylon muss nicht, wie A. anomala, neue Wachstumspunkte bilden und kann die neuen 

Sedimenthorizonte viel schneller bewachsen und festigen. A. anomala zeigt die Fähigkeit 

während Überflutung weiter wachsen zu können. Außerdem zeigte A. anomala im Herbst 

unter Staunässe ein intensives Wurzelwachstum. C. dactylon zeigte während der 

experimentellen Überflutung im Herbst nahezu kein Wachstum.  

Zusammenfassend lässt sich feststellen, dass im oberen Bereich des Drei-Schluchten-

Staudamm mit erwarteten hohen Sedimentationsraten C. dactylon in Pflanzungen zur 

Stabilisation der Ufer besser zu verwenden ist (Figur 30). Sie ist in der Lage, die sich 

ablagernden Sedimente zu bewachsen und zu stabilisieren. Außerdem ist C. dactylon an Ufern 

die von den Menschen genutzt werden auf Grund seiner Toleranz gegen Trittbelastung besser 

geeignet. 

Auf der anderen Seite ist A. anomala an Ufern mit hoher Strömung, an denen eher Boden 

abgetragen wird, als dass sich Sedimente anlagern besser geeignet. Diese Art investiert die 

meiste Energie in Wurzelbildung. Die Wurzeln gehen tiefer in den Boden und stabilisieren die 

Uferzone besser. Es kann auch an sehr steilen und felsigen Hängen wachsen und diese 

stabilisieren. Es ist in der Lage zwischen groben Felsen zu wurzeln und zu wachsen. 

Außerdem bildet A. anomala im Überflutungsbereich an den Stellen, die staunass sind mehr 

Wurzeln. So schützt es die am meisten gefährdeten Uferbereiche besonders gut. 

In den höheren Bereichen des Flussufers, die nur selten überflutet werden, sind 

Bodenstabilisierende Arten wie Neyraudia reynaudiana und Phragmites karka auf lehmigen 

Böden sowie Vetivera zizanioides und Salix variegate auf sandigen Böden dominanter s.o.. 
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