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Summary  

 
The previous seasonal river flooding in the Three Gorges reservoir region (Chongqing, China) 

occurs in summer. The occurrence of river flooding is conjunct with high precipitation in the 

growing season and is characterized by short duration (frequently, but only 1-2 weeks each 

time) and a normal medium water temperature (fluctuating around 20°C). The operation of 

Three Gorges reservoir (TGR) dam alters the flooding pulse in the riparian areas. Under the 

water table regulation of the TGR, water table will be raised from autumn to winter during 

prolonged periods (six months) and low water temperature conditions; while a low water table 

will be maintained in summer. These contrasting flooding regimes are expected to influence 

flooding tolerance of the riparian plant species and consequently the vegetation around. The 

vegetation in the water fluctuation zone of TGR is considered to play important roles in 

maintaining the local environment quality. With respect to vegetation manage, it is necessary 

to predict the performance of the plants in the new flooding regimes. 

 

High flooding tolerance was observed in several riparian plant species from riverside areas in 

the TGR region, such as Salix variegata Franch. (shrub), Arundinella anomala Steud. (grass) 

and Althernanthera philoxeroides (Mart.) Griseb (clonal herb). These species survived for 

several months of complete submergence. The mechanisms underlying the long-term 

submergence are not clear. It has been shown that carbohydrate metabolism is a crucial 

component of flooding tolerance. The hypothesis that long-term flooding tolerance is closely 

associated with maintaining carbohydrate level is not fully investigated yet. Therefore 

survival or recovery of biomass together with carbohydrate of flooded plants was examined in 

the studies. Flooding conditions were changed by experimentally varying water depth, 

duration of submergence and water temperature, or by a pre-darkness treatment to induce 

changes of carbohydrate concentration and survival or post-submergence recovery.   

 

S. variegata and A. anomala plants survived 6 months of waterlogging without significant 

decrease of water soluble carbohydrate concentration compared with non-flooded plants. By 

contrast, complete submergence decreased carbohydrate level significantly. The decrease of 

carbohydrate concentration continued with prolonged duration and finally death occurred 

after 4 to 6 months of inundation. A further two months of submergence showed that in A. 

anomala plants water temperature (10°C, 20°C and 30°C) imposed remarkable impacts on the 

survival rate and carbohydrate concentration.  Submergence at lower water temperature led to 
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higher survival rate and higher carbohydrate level, especially the sugar concentration in roots 

of A. anomala plants. The survival rate of A. anomala was more enhanced by lower water 

temperature than other species recorded in a previous study. Pre-darkness treatment decreased 

the carbohydrate level of A. anomala plants and consequently reduced survival rate. With the 

same water temperature regime as for the A. anomala plants, in submerged A. philoxeroides 

plants, lower water temperature resulted in lower respiration rate, higher carbohydrate level 

and faster biomass accumulation when returned to non-submergence conditions.  

 

The carbohydrate concentration and survival or biomass accumulation in the recovery period 

was compared in darkness-treated and submerged A. anomala plants and A. philoxeroides 

plants. No significant differences of dynamics of carbohydrate level were found between 

darkness-treated plants and submerged plants. Survival rate of submergence and darkness was 

the same in A. anomala plants, but submerged A. philoxeroides plants recovered more quickly 

than darkness-treated plants. These results indicated that submergence induced carbohydrate 

utilization can be largely explained by the responses to carbon starvation caused by 

deprivation of photosynthesis.  

 

S. variegata and A. anomala plants were characterized by slow utilization of carbohydrate 

reserve in response to prolonged submergence. No remarkable growth was observed, except 

for that of adventitious roots. Down regulation of their metabolism and a strategy of 

dormancy may underlie these two species’ long-term submergence tolerance. In contrast A. 

philoxeroides plants responded to submergence with fast utilization of carbohydrate and fast 

shoot elongation to reach the water surface, enabling the plants to be very tolerant to shallow 

flooding. The results suggested that in this species fast recovery of photosynthesis may 

contribute to the high submergence tolerance.  

 

The studies in this PhD work indicate that survival rate, recovery and carbohydrate 

concentration of the tolerant plant species can be improved by low water temperature. The 

benefits of lower temperature on flooding tolerance were recorded in less tolerant species in 

other studies as well.  It was very likely that potential of this enhancement would be higher in 

less tolerant species. After comparison with results from other studies, I suggest that in the 

Three Gorges reservoir, the lower water temperature in submergence by water rise in winter 

would benefit less tolerant species more than tolerant species.    
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Chapter 1 Introduction 

 
1.1 Flooding regimes in the Three Gorges Reservoir and vegetation rehabilitation  

The construction of the Three Gorges Reservoir (TGR, Yangtze River, China, Fig. 1a) causes 

profound environmental changes in local ecosystems. One of these changes is altered water 

fluctuation regimes (Fig. 1b). Before the operation of the TGR, natural river flooding 

occurred in summer; the water rise can be as high as 10 meters, and each flooding lasts for 1–

2 weeks; after water level fluctuation is manipulated by operation of the reservoir, a high 

water level will be maintained for about 6 months in the winter with low water temperature 

(about 10°C), while a low water level will be maintained in summer, with a relatively high 

water temperature (about 20°C) (Fig. 1b). Survival and growth of riparian species is closely 

associated with the flooding disturbance, especially the flooding duration, water depth and 

water temperature, therefore this dramatic change of water fluctuation is very likely to have 

strong impacts on the vegetation along the reservoir banks and adjacent branches. 

Considering the role of vegetation in soil erosion alleviation and water quality improvement, 

it is highly significant to preserve and rehabilitate riparian vegetation. To manage the 

vegetation in TGR successfully, it is necessary to investigate how the performance of riparian 

species will be affected by these new flooding regimes and the mechanisms. In the former 

riparian area of Yangtze River and its branches of the Three Gorges Reservoir region annual 

summer water table rise flooded a large part of the riverside area. The plant species which 

grow in the area were therefore partially or completely submerged on annual basis. Among 

these species, some of them are quite flood-tolerant, as was observed and confirmed in my 

later studies. These included for instance Salix variegata Franch., Arundinella anomala 

Steud., Althernanthera philoxeroides (Mart.) Griseb (Fig. 2), Hemarthria altissima (Poir.) 

Stapf et C. E. Hubb.. Therefore it would be very significant to exploit the potential of these 

species in the future vegetation reconstruction in the water-fluctuation zone of Three Gorges 

Reservoir.   
 

1.2 Plant Flooding tolerance and carbohydrate utilization  

The interest in flooding tolerance originates from the detrimental effects on agriculture 

production (Liao & Lin, 2001); further work showed the substantial impacts of flooding on 

species adaptation, distribution and evolution (Blom et al., 1994; Vartapetian & Jackson,  
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Fig. 1. (a) some basic parameters of Three Gorges reservoir, Dr. Günter Subklew, 2007, personal 

communication; (b) Average daily temperature (°C) (dotted line) in each month in TGR region and water table 

(m) before (open square, to show only the relative amplitude of water fluctuation and realistic river water surface 

altitude is less than 100 m) and after (closed square) Three Gorges Reservoir (TGR) construction. Edited from 

Chang, 2008, personal communication. 
 

 

 

 

      
 

 

 

 

 

 

 

 

 

 

Fig. 2. Three flooding tolerant plant species in Three Gorges Reservoir region: (a) Salix variegata; 

(b)Arundinella anomala; (c)Althernanthera philoxeroides. 
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                      Fig. 3. Plants submerged by flooding. (a) enviroments of submergence conditons 

(b) a submerged Arundinella anomala plant in a natural river flooding in summer (Beibei,  Chongqing, China) 

 

 

1997; Braendle & Crawford, 1999). Recently, vegetation protection from altered flooding 

regimes, such as the case of Three Gorges Reservoir, draws attention the topic of flooding 

issue. This topic would become even more important in the context of increasing impact from 

global changes with altered precipitation patterns.  

 

Flooding is detrimental to most terrestrial plants, causing reduction of growth or even death. It 

is commonly suggested that oxygen deficiency is the major stress for flooded plants (Fig. 3). 

This oxygen deficiency is attributable to 104 times slower gas diffusion rate in water than in 

air (Jackson, 1985). Generally the extent of aeration of flooded plants will be reduced. 

However in a natural flooding event, the oxygen availability can be highly variable, 

depending on specific flooding conditions. For most floods, when water is not stagnant, the 

aboveground shoots may get continuous oxygen supply. Oxygen availability may increase if 

the flooding water is shallow enough to allow oxygen diffusion from air to water. The oxygen 

dissolubility increases when water temperature is lower; generally, winter flooding water 

should have a higher oxygen concentration than summer flooding water. Under some 

circumstances, oxygen availability can be severely reduced, for example, for flooded plants, 

the belowground parts buried in sediments may be anoxia stressed, especially when the 

substrates has a high concentration of organic matter content. 

   

The effective oxygen availability for plant metabolism depends not only on the external 

oxygen supply, but on the capacity to increase internal aeration. Plants may enhance gas 

(a) (b) 
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exchange with surrounding environments when flooded. Under waterlogging conditions, 

plants may develop aerenchyma (Jackson & Armstrong, 1999) and adventitious roots 

(Jackson, 1955). For instance, maize plants induce formation of aerenchyma and adventitious 

roots in response to waterlogging (Drew et al., 1979). Aerenchyma facilitates gas transport 

from shoots to roots; adventitious roots enhanced oxygen uptake from the water. Both could 

alleviate oxygen deficiency in flooded plants. When plants are completely submerged, oxygen 

can be taken up via leaf or adventitious roots from the surrounding water column, followed by 

oxygen transport via aerenchyma to stems and roots. The capacity of gas exchange is 

improved by acclimation to submergence, including reduction of gas diffusion resistance from 

water column into plants and from tissues to tissues with a high porosity. Submerged plants 

may acclimate to submergence conditions by reduction of gas diffusion resistance and 

therefore increased uptake of both O2 and CO2. Mommer et al. (2004) showed that the water 

column was an important source of oxygen for the submerged Rumex palustris plants. This 

species can acclimate to submergence and reach a high internal oxygen pressure in the 

petioles above the critical oxygen pressure for aerobic respiration, provided that the saturated 

water is not completely stagnant.  

 

When the plants are completely submerged, fast shoot elongation can be another effective 

approach to restore contact with open air. This is most remarkable in Rumex palustris plants 

(Voesenek & Blom, 1989) and deep water rice plants (Kende et al., 1998). When the shoots 

extrude water surface, the tolerance can be enhanced (Pierik et al., 2008). Therefore the 

oxygen availability for flooded plants may vary with different flooding environments and 

different plant species. Considering the critical role of oxygen deficiency in plant tolerance to 

flooding, much attention has been given to mechanisms of oxygen deficiency tolerance.  

 

However, under natural conditions, flooding is more than oxygen deficiency. If the flooded 

plants are compared with non-flooded plants, it is clearly that the carbon budget of individual 

plants can be greatly altered, because both carbon assimilation and consumption will be 

changed. With shallow flooding water, shoots can still make photosynthesis, but 

photosynthesis performance is adversely or completely inhibited under anoxia or flooding 

conditions for most terrestrial plants. Leaf assimilation rate was reduced (Bradford, 1983; 

Chen et al., 2005; Luo et al., 2006) and photosynthesis apparatus would be injured by anoxia 

conditions. This is especially the case when plants are submerged, because the carbohydrate 

pools cannot be replenished. Plants henceforth may suffer from carbon starvation but they 
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need to utilize sugars to support cell maintenance. Assimilation of CO2 in water demands 

sufficient light irradiance and CO2 supply (Fig. 3). Although the potential of underwater 

photosynthesis of S. variegata and A. anomala was reported, CO2 assimilation rate was quite 

low even under high light and high CO2 concentration conditions (Luo et al., 2008), which is 

not the normal case of natural flooding (Fig. 3). In other studies, the recorded underwater 

photosynthesis rate of terrestrial plants was extremely low (Mommer et al., 2006). Therefore, 

the contribution to carbohydrate accumulation from underwater photosynthesis could be low 

and the submerged plants can only rely on mobilization of carbohydrate reserve for energy 

production. Several studies indicated close association between carbohydrate utilization and 

flooding tolerance. For example, tolerant Rumex crispus and R. acetosa plants were capable 

of mobilizing reserve carbohydrate when submerged. In contrast, Daucus carota plants, 

which were sensitive to floods, were unable to access carbohydrate reserve in its tape roots 

(Van Eck et al., 2005). These results suggest that submergence tolerance may be associated 

with the ability to mobilize carbohydrate reserve. 

 

Depending on oxygen availability, the efficiency of carbohydrate utilization can be changed 

to various extents. Oxygen availability imposes profound impacts on carbohydrate 

metabolism. Although the adaptations to flooding may enhance gas exchange and alleviate 

shortage of oxygen to some extent, the available oxygen can be much less than in aerobic 

conditions. Hypoxic or anoxic conditions cause impacts on many processes of carbohydrate 

metabolism. 

 

First, aeration conditions may directly influence the key enzymes involved in carbohydrate 

catabolism. A prerequisite of carbohydrate mobilization is induction of enzymes involved in 

the degradation of polysaccharides, starch or fructans. For example, amylase, a key enzyme 

for starch degradation could be induced in tolerant rhizomes of Acorus calamus plants after 

10 days of anoxia incubation and concentration of sucrose, glucose and fructose increased; 

while in intolerant potato tubes, α-amylase activity was decreased by anoxia and fermentable 

sugars were almost lost (Arpagaus & Braendle, 2000). Other tolerant species or tissues 

include seeds of rice, rice weeds and tubers of Potamaogeton distinctus (Sato et al., 2002) 

which were found capable of mobilizing starch under anoxia. Considering the energy demand, 

it would lbe expected that amylase has to be induced under submergence conditions.  
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Furthermore, oxygen shortage can either increase or decrease sugar substrates, depending on 

oxygen availability. Hypoxic conditions usually restrict respiration rate and carbohydrate 

utilization. In cranberry vines (Vaccinium macrocarpon Ait.), carbohydrate concentration was 

higher in non-oxygenated floodwater than in oxygenated floodwater (Botelho & Heuvel, 

2005). In rice plants, the rate of depletion of the endosperm was most rapid in aerated solution 

than in oxygen deficient solution, which was largely due to the inhibition of growth of 

seedlings at very low O2 concentration (Atwell & Greenway, 1987). Root respiration rate of 

cucumber roots in nutrients solutions increased with aerial O2 concentration. Under 

waterlogging or hypoxia conditions, growth rate can be greatly reduced and in roots 

carbohydrate may accumulate. This flooding-induced root sugar accumulation was observed 

in luffa, bitter melon (Su et al., 1998), two wheat genotypes (Huang & Johnson, 1995) and 

alfalfa (Castonguay et al., 1993). These results suggest that the ability of maintaining sugar 

utilization in waterlogged roots rather than root sugar level is more crucial for flooding 

tolerance. This assumption was supported by a study which showed that the activity of 

enzymes involved in glycolysis were more elevated in tolerant than intolerant cultivars, and at 

the same time, tolerant cultivars could maintain a high total sugar level (Singla et al., 2003).  

 

Under other circumstances, hypoxic or anoxic conditions cause shortage of substrates. In 

some species, leaf starch accumulated when flooded (Su et al., 1998; Chen et al., 2005), 

perhaps due to blocked phloem transportation. This will cause shortage of sugar substrates for 

root growth. Under anoxic conditions, ATP production by oxidative phosphorylation ceases 

but it is sustained by glycolysis. However, glycolysis produces much less ATP than oxidative 

phosphorylation, which results in low energy charge (normally the ATP/ADP) and energy 

crisis. A very low energy charge would lead to irreversible damage and death of cells. In 

anoxia potato cells, when ATP production rate falls below a threshold value, anoxic cells are 

not intact anymore and not able to recover upon re-aeration (Rawyler et al., 2002).  Due to the 

very low efficiency of anaerobic energy production, many species cope with the energy crisis 

from short-term anoxia with elevated metabolic flux rate (Gibbs & Greenway, 2003). In an 

aquatic species Potamogeton pectinatus a 6-fold increase in the rate of glycolysis was 

observed in the elongating shoot with absence of oxygen. This was an unusually large Pasteur 

effect (Summers et al., 2000). Accelerated glycolysis in response to oxygen deficiency can be 

considered adaptive, because ATP production can be temporality sustained to meet the energy 

demand of maintenance of cells viability (Drew, 1997). Increase of metabolic flux in response 

to low oxygen availalbity gave survival of Arabidopsis plants for a short period (Ismond et 
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al., 2003). In rice and wheat plants hypoxic pre-treatment enhanced fermentation rate, and the 

consequent higher ATP level enhanced anoxia tolerance (Andrews & Pomeroy, 1989; 

Hisashi, 2004; Mustroph & Albrecht, 2007). However the extra carbohydrate consumption 

can lead to sugar depletion and early death.   

 

The responses of metabolism acceleration together with sustained ATP production to short-

term anoxia or flooding stress may not be an advantage if duration of submergence events is 

prolonged, because carbon reserve is always limited. Glycolysis would not be sustained if 

carbohydrate reserve is depleted or the enzymes do not function anymore. Nevertheless, to 

remain viable, stressed tissues still demand energy supply, which suggests that utilization of 

carbon reserve is essential. Most plants respond to different stress conditions, e.g. anoxia, 

drought, cold, and shade, in similar ways, such as arrested growth, reduced respiration rate 

and lower maintenance cost. For example, the maintenance requirement for ATP was 10-25 

times lower in anoxic than in aerated tissues in beetroot (Zhang & Greenway, 1994). These 

responses can be considered adaptive because they reduce energy consumption and increase 

the survival chance in unfavorable conditions. It would reasonable to assume that to down 

regulate metabolism, maintain carbohydrate reserve and save energy for a prolonged period 

would be critical for long-term submergence tolerance. The extent of down regulation of the 

metabolism and maintaining carbohydrate reserve could be well associated with submergence 

or anoxia tolerance. Indeed, studies on some wetland species indicated that long-term anoxia 

tolerance was associated with the ability to maintain a high level of carbohydrate.  

 

The down regulation of metabolism is especially remarkable in some species, well known for 

their long-term anoxia or submergence tolerance, sucha as Acorus calamus, Rumex crispus 

and some rice varieties. A. calamus can survive more than two months of anoxia conditions. 

This species has developed a multi-level regulation of glycolytic gene expression at the level 

of transcription, translation and posttranslation to contend with fluctuations in oxygen 

availability (Bucher & Kuhlemeier, 1993). The characteristic responses to anoxia in this 

species include reduced respiration rate and glycolytic rate, conserved carbohydrate reserve 

and its ability to sustain anaerobic ATP production for very long periods in the rhizomes 

(Weber & Braendle, 1996; Schlüter & Crawford, 2001).  

 

Rice is one of the most anoxia tolerant crops. In response to anoxia, rice plants can switch to a 

metabolic dormancy, by stronger arrest of sucrolytic, glycolytic and fermentative enzymes 
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than wheat and maize (Mustroph & Albrecht, 2003). On the other hand, deep water rice plants 

from Southeast Asia elongate internodes in response to submergence. This fast elongation is 

supported by starch mobilized in stems of deepwater rice when submerged (Raskin & Kende, 

1984). However, too fast carbohydrate consumption increases mortality. It was found that the 

amount of carbohydrate consumed during submergence period, shoot elongation and survival 

of submergence were closely inter-correlated with each other (Das et al., 2005). This 

suggested that shoot elongation occurred at the cost of consumption carbohydrate, resulting in 

lower survival rate water surface was too far to reach.  

 

Interspecific difference of anoxia tolerance was also explained by their ability to maintain 

carbohydrate reserve. Four days of anoxia treatment did not decreasedcarbohydrate 

concentration significantly in tolerant rhizomes of Scirpus maritimus and Phalaris 

arudinacea, in contrast to large reduction carbohydrate concentration in intolerant Glyceria 

maxima (Barclay & Crawford, 1983). A similar conclusion was made in a study on several 

overwintering forage crops exposed to oxygen deficiency. In resistant timothy plants, 

carbohydrate reserve was maintained at high level, in contrast to decreased carbohydrate 

reserve levels in the less resistant lucerne, red cover and cocksfoot (Bertrand et al., 2003). The 

ability to maintain carbohydrate levels after prolonged anoxia or submergence was the 

consequence of low metabolic activity (Betrand et al., 2003) and higher ATP level (Andrews 

& Pomeroy, 1989); while in intolerant species, fast carbohydrate loss could be the result of 

fast glycolysis rate. A study on several riparian species showed that submergence tolerance 

was negatively associated with growth capacity under water (Wang et al., 2008). A riverside 

shrub species, Myricaria laxiflora, survived summer flooding for 2 months by becoming 

dormant and losing biomass (Chen & Xie, 2009). In conclusion, flooding stress decreases 

carbon assimilation and negatively influences carbohydrate utilization which leads to energy 

crisis, depending on oxygen availability. Anoxia or submergence tolerance in most cases was 

associated with slow carbohydrate utilization.   

 

1.3 water temperature effects on plant responses to floods 

Stress from flooding and low oxygen in plant life occurs globally. This can be caused by 

either temporary flooding or snow or ice cover or by permanent wetland standing water. The 

climate conditions when plants suffer from oxygen deficiency are highly variable. In tropical 

 regions, for rice plants (Ram et al., 2002) and riparian species, flooding occurs usually in the 
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  Fig. 4.  An assumed model on dynamics of metabolic level in submerged plants at different water temperature 

represented by different colors: green, non-submerged plants; black, low water temperature; blue, medium water 

temperature; red, high water temperature.     

 

 

growing season with high air temperature (De Simone et al., 2003). In temperate regions, 

river water rise prevails in winter and spring (Van Eck et al., 2004); in arctic regions, anoxia 

by snow or ice cover occurs with frozen temperatures (Crawford, 2003). For permanent 

wetlands, high water table can be maintained for a whole year (Pezeshki, 2001).  

 

Due to the large impacts of temperature on plant metabolism, the strategies for surviving 

winter flooding could be quite different from those for surviving summer flooding with 

different temperature regimes (Crawford, 2003). Oxygen demand would be greater at warmer 

conditions of during the growing season. Flooding with higher temperature causes a larger 

extent of oxygen deficiency. Severer detrimental effects of hypoxia were observed in bent 

creeping grass (Agrostis palustris Huds.) (Huang et al., 1998) and wheat (Trought & Drew, 

1982) at higher temperature. Survival was much lower at 25°C than at 5°C in four grass 
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species under strict anaerobiosis (Barclay & Crawford, 1982). In rice plants even within a 

very narrow water temperature range (29.0-31.5°C), survival rate still varied between 75-55% 

and was negative correlated with water temperature (Das et al., 2009). Van Eck et al. (2006) 

found that 10 terrestrial grassland species all survived longer under winter floods than under 

summer floods but the amplitude of lower water temperature enhancement on survival were 

species specific. The differential responses from sensitive and non-sensitive species to the 

seasonal flooding was attributable to carbohydrate utilization and biomass loss controlled by 

water temperature rather than  water oxygen concentration or acclimation stage (Van Eck et 

al., 2005).  

 

All these results showed large impacts of temperature on anoxia or submergence tolerance. It 

would be valuable to show in future studies the direct associations between flooding 

tolerance, water temperature and carbohydrate utilization. Furthermore, the basis of the 

differential responses to submergence at different water temperature has not been well 

established. This difference may be associated with their ability to acclimate to temperature 

regimes, which is related to their carbohydrate metabolism (Van Eck et al., 2006). It can be 

generally assumed that water temperature have large impacts on metabolic level and 

carbohydrate consumption (Fig. 4). Investigation on water temperature responses of different 

species will shed new insight into flooding tolerance It would be useful to predict that how 

tolerant species and intolerant species may respond to new water temperature regimes.   

 

1.4 The objective of this study  

Species show a large range in flooding tolerance (Bailey-Serres & Voesenek, 2008). Flooding 

tolerance changes with internal factors such as developmental stages (Nabben et al., 1999; 

Vantoai et al., 1995) and growth status (Sarkar, 1997) and environmental factors like flooding 

timing, water temperature, water turbidity, concentration of CO2, O2 and pH of floodwater 

(Das et al., 2009), flooding duration, as well as frequency. It involves a quite complex 

morphology-anatomy-metabolism system which may respond to flooding in highly specific 

ways (He et al., 1999). It is difficult to simply apply the findings from one species to predict 

another species. Quite much work has been conducted on important crops, like rice, wheat 

and maize plants, and anoxia tolerant plants in response to oxygen deficiency. However, 

flooding involves more than hypoxia or anoxia.  Empirical work on wild plant species which 

process true flooding tolerance is still important.  
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The unique characteristic of the selected species in this study is that their flooding tolerance is 

quite high. A full survival rate of three months was recorded in Salix Variegata and 

Arundinella. anomala (See Chapter 2). High flooding tolerance was recorded in some riparian 

species of the River Rhine, mostly from Rumex species; however, the natural flooding of the 

Rhine usually occurs in cold winter and spring rather than warm summer. Therefore strategies 

may differ between these two biomes. First, it has to be found out how these summer flood 

tolerant species would behave in the new winter flooding regime in the Three Gorges 

Reservoir.  Second, the long-term submergence tolerance recorded in the experiments far 

exceeded the duration of actual flooding events in the field (see Chapter 3). This might imply 

that under natural conditions, the ability to resume a fast growth rate, rather than to survive, is 

more important for these species, as no mortality would occur with short duration of flooding. 

However, under the much longer flooding conditions in the Three Gorges reservoir, survival 

would become more critical. It is not known how these species would behave in prolonged 

flooding.   

 

The basis for this work is that death from prolonged flooding derives from depletion of sugars 

and energy. This is what happens when plants are exposed to complete darkness when 

photosynthesis, which provides the substrates for both growth and metabolism, is inhibited. 

As is already known, photosynthetic activity is lost when plants are completely submerged 

due to very low CO2 concentration and low light level under water. Carbon starvation would 

become similar cause of death as under darkness conditions. It might be a strong argument to 

find that complete submergence conditions would induce very similar responses of survival, 

recovery and of carbohydrate utilization to darkness conditions.  

 

Although much work on the effects of oxygen deficiency on carbohydrate metabolism was 

conducted (Vartapetian & Jackson, 1997), direct investigation on the association between 

carbohydrate level and flooding tolerance, is rare. Both survival and carbohydrate level can be 

altered by different submergence conditions. If survival is associated with the carbohydrate 

level in the flooded plants, it would be expected that survival rate would change if 

carbohydrate level is changed. It is expected that longer submergence would cause more 

death; correspondingly, it would be expected that this higher survival rate is associated with 

lower carbohydrate level. Pretreatment of darkness is expected to lower the carbohydrate level 

in plants, we expect it would lower survival rate of submerged plants. The pattern of 

carbohydrate reserve mobilization and utilization would be altered by water temperature 
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regimes as well. Lower water temperature would reduce respiration loss and therefore less 

carbohydrate consumption and higher survival rate. 

 

For a given plants species, tissues are different in sensitivity to flooding. The tissues which 

are most sensitive to flooding may rely on relocation of sugar from carbon storage and are 

therefore more critical for whole plant survival. The strategy of carbon storage may be related 

to flooding tolerance. Post-flooding regeneration is highly dependent on growth form and 

mobilization of the carbohydrate pool.  Rhizomatous plants store their major carbon pool in 

belowground part; if the aboveground part dies back, the new shoots can sprout with sugar 

substrates transported from rhizomes. Woody plants store their large part of their carbon 

reserve in stems which can support fast post-flooding recovery. Variety of carbohydrate has 

been identified in plants. Large polysaccharides, such as starch and fructan, are considered as 

carbon storage and will be mobilized when plants are stressed. Sucrose is temporary carbon 

storage and is the major sugar form in phloem transportation. Glucose and fructose are two 

major basic simple sugars, directly involved in metabolic activity of plants. It would be 

expected that these different carbohydrate will have very different dynamics in response to 

flooding.  Therefore, acquiring full information on carbohydrate distribution and its dynamics 

in different tissues is necessary to understand plant responses to flooding.   

 

On the basis of these analyses, my PhD work aims to provide some basic information on how 

the carbohydrate level in these species responds to submergence. Association between 

survival, recovery and carbohydrate level in mainly three tolerant species, Salix variegata, 

Arundinella anomala and Althernanthera philoxeroides was investigated. Specifically, my 

thesis tries to answer the following questions: 

 

(1) How survival rate, recovery and carbohydrate level change with different water depth, 

flooding duration and water temperature? 

(2) How these three tolerant species respond to flooding (mainly submergence), and 

whether these responses are similar to those of darkness treated plants? 

 

To answer these questions, a serial of experiments was set up (Table 1). In the first 

experiment, survival rate and total soluble sugar concentration in the plants of S. variegata 

and A. anomala were exposed to treatments of non-flooding, waterlogging and submergence 

after 40d, 90d, 120d, and 180d duration were analyzed and compared. In the next step, water
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                                                                Table 1.   Summary of all the experiments conducted in this study  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

questions Species treatments Investigation item Page 

How flooding duration and flooding water depth influence survival rate and total soluble sugar content? 

Arundinella anomala 

 

Salix Variegata 

Flooding duration (40d, 90d, 120d 180d) 

Flooding water depth (control, water logging and submergence) 

Survival rate 

Total soluble sugar concentration 

Methods 

17-19 

Results 

30-37 

 

How water temperature affects tolerance of submergence and carbohydrate concentration? 
A. anomala 

 

Control, Submergence (water temperature of 10°C, 20°C and 

30°C) 

Duration: 10d, 30d  and 60d 

Survival rate 

Carbohydrate  concentration 

Methods 

20-22 

Results 

  30-31 

Does pre-darkness treatment decrease carbohydrate concentration and flooding tolerance? 
A. anomala 

 

 

Control, 60d submergence 

10d pre-darkness + 60dsugbmergence 

Duration: 30d and 60d   

 

Survival rate 

Carbohydrate  concentration 

Methods 

22-23 

Results 

37-38 

Do darkness and submergence impose the same extent of effects on tolerance and carbohydrate concentration? 
A. anomala 

 

Control, submergence,  darkness 

Duration: 10d, 20d, 30d, 40d and 50d 

Survival rate 

Carbohydrate  concentration 

Methods 

23-24 

Results 

39-40 

How water temperature affects tolerance of submergence and carbohydrate concentration? Alternanthera philoxeroides 

Control, submergence (water temperature of 10°C, 20°C and 

30°C) 

Duration: 2d, 4d, 8d, 10d  and recovery for 3d and 6d 

Recovery (biomass) 

Carbohydrate concentration 

respiration   

shoot elongation  

 

Methods 

25-28 

Results 

41-47 

Do darkness and submergence impose the same extent of effects on tolerance and carbohydrate concentration? A. philoxeroides 
Control, submergence,  darkness 

Duration: 2d, 4d, 6d, 8d, 10d and recovery 3d and 6d 

Recovery (biomass) 

Carbohydrate concentration 

respiration   

 

Methods 

28-29 

Results 

  48-53 
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temperature effects on survival (for A. anomala) or recovery (for A. philoxeroides) and 

carbohydrate concentration (for both species) with different durations in submerged plants. 

The pre-darkness treatment effects on survival rate and carbohydrate concentration were 

investigated in submerged A. anomala plants. Finally, submergence effects and darkness 

effects on carbohydrate concentration on survival (for A. anomala) or recovery (for A. 

philoxeroides) and carbohydrate concentration (for both species) with different durations were 

compared, respectively.  
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Chapter 2 Plant materials and methods 

  
2.1 Total soluble sugar concentration and survival in flooded Arundinella anomala and 

Salix variegata plants — the effects of water depth and flooding duration 

 

Plant material and growth conditions  

Arundinella anomala Steud., a grass species, and Salix variegata Franch., a shrub willow, are 

naturally growing along the riverside of Yangtze River and its branches in The Three Gorges 

reservoir region. Annual summer river water level rise leads to partial or complete 

submergence of the plants of these two species, because they only occupy the habitats very 

close to the riverbeds. However, the species persist under the stress conditions, indicating 

high flooding tolerance. The experiment was conducted in the ecology experimental garden in 

Southwest China University (Beibei, Chongqing). The local climate is typical for the Three 

Gorges Reservoir region: a subtropical climate, with rather high temperature (daily average 

temperature maximum: 28–33°C; Fig. 1) and much precipitation (monthly: 130–180 mm) in 

summer (May to September, the growing season) while a relatively mild (daily average 

temperature minimum: 7–12°C) and dry winter (December to February, monthly 20–50 mm). 

In May 2005, plants of A. anomala and S. variegata were collected from the riverside of 

Jialing River, one of the largest branches of the Yangtze River. To homogenise the initial 

plants size, single ramets of A. anomala with shoot length of 10 to 15cm and one-year old 

seedlings of S. variegata with shoot height of 5- 7cm were selected and grown in plastic pots 

(15cm tall, 20 cm diameter) filled with a 1:4 (V: V) mixture of humus and loam. The plants 

were watered sufficiently to prevent any water shortage. 

 

Flooding treatments 

The treatments started in the greenhouse at the end of January 2006. A total of 230 plants 

were used. At the onset of treatment (day 0), eight plants were harvested for biomass and 

carbohydrate analysis. The remaining plants were randomly divided into three groups, each 

containing 76 plants (Fig. 5). One group of plants was put in a concrete water basin (2.5 × 2.0 

× 2.5 m) filled with tap water. The water depth was kept 2 cm above soil surface and only the 

belowground part of the plants was flooded (waterlogging), a second group of plants was 

completely submerged in an identical basin, with the water depth remaining at 2m 

(submergence). The third group of plants was left growing in well-drained soils but well- 
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Fig. 5. Flooding treatments: (a) control (non- submerged); (b) waterlogging (only the belowground parts of the 

platns are submerged), (c) complete submergence (the distance from the water surface to the pots were about 

2m)   

 

 

watered (control plants). Plants were harvested at 40, 90, 120 and 180 days after onset of the 

treatments. The water in the basins was replaced frequently, normally every two weeks, to 

avoid growth of algae; for waterlogged plants, the underground parts remained submerged for 

the whole treatment period; for completely submerged plants, exposure of shoots to air was 

avoided by always maintaining a stable water level.  

 

Survival rate  

At each harvesting time, for survival rate estimation, twelve plants from each of the two 

flooding treatments (waterlogging and submergence) were returned to similar conditions as 

control plants. After two months of recovery, the numbers of living plants and dead plants 

were recorded. Plants without initiation of buds and green leaves were considered dead. The 

survival rate was calculated as the ratio of the number of living plants to the total number of 

plants in each treatment. 

 

Total soluble sugar  

For total soluble sugar analysis, an additional seven plants from each treatment were 

harvested at day 40, 90, 120 and 180. Each individual plant was washed under tap water and 

divided into leaves, stems and roots, oven-dried and ground to fine powder. From each tissue 

sample (leaf, stem and root), about 30 mg sample powder was extracted three times by 80% 

ethanol for 30 min at 80 °C. The three extracts from this sample were pooled. Soluble sugar 

(a) (b) (c) 
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concentration was determined with DNS (3, 5-dinitrosalicylic acid) at 540 nm using a 

spectrometer (UV-2550, SHIMADZU), according to the method by Miller (1959).  

 

Data analysis  

A two-way ANOVA was used to evaluate the effects of flooding treatments (control, 

waterlogging and submergence) and flooding duration (40d, 90d, 120d and 180d) on total 

soluble sugar concentration in stem, root and leaf in each species. Further multi-comparisons 

were made to show the difference of t he mean values treatments and durations. All statistics 

were done in Sigmastat. Significance level was set at P = 0.05. 
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2.2 Carbohydrate concentration and survival in submerged Arundinella 

anomala plants — the effects of water temperature and pre-darkness 

treatment and comparison with darkness treated plants   

 
Experiment I:  Water temperature effects on carbohydrate dynamics and survival rate  

 

Plant material and growth conditions  

A. anomala plants were collected from riverside Jialing River, a branch of Yangtze River in 

September, 2007. The plants were transported and cultured in the greenhouse of the Institute 

of Phytosphere, Forschungzentrum Jülich, Germany. New plants were propagated and 

transplanted to pots (380 cm3) filled with a one volume of potting soil and one volume of 

sand. They were allowed to grow for one month, and then for a further one month in an 

indoor laboratory where the growth conditions were well controlled, with air temperature 

constant at 20°C, photosynthetically active radiation PAR 102 µmol photons · m-2 · s-1 and a 

light period of 16h. Light intensity was measured with a light sensor (X12 optometer, 

Gigahertz-optik, Germany).  

 

Submergence treatments  

The submergence treatments in the laboratory used a total of 128 plants (Fig. 6a). At the 

beginning, eight plants were harvested for initial biomass and carbohydrate concentration 

analysis. The remaining plants were randomly divided into four groups, each 30 plants. One 

group of plants was regularly watered and the soil was well-drained, referred as control 

plants. The other three groups of plants were completely submerged in six plastic containers 

(each 15 plants, 250 liter, water depth 80 cm) filled with tap water. Water in the containers 

was maintained air saturated by continuous and vigorous pumping of air bubbles through the 

water. Water temperature was regulated at either 30°C, 20°C or 10°C, with two replicate 

containers per water temperature. For the 30°C treatments, water temperature was maintained 

by two heating sticks; water temperature at 10°C was maintained by circulating cooled water 

in plastic tubes in the containers. The illumination just above the water surface was the same 

as for the control plants (Fig. 6b). The dissolved O2 was measured by a fiber-oxygen meter 

(Microx TX3, PreSens, Germany); total inorganic CO2 was estimated by using the titration 

method described by Klee (1998).  
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Fig. 6. (a) The A. anomala plants used for the experiment; (b) Submergence facility with 

different water temperatures. 

 

 

Five plants were harvested at day 10, 30 and 60 from each of the four treatments, 

respectively. Plant tissues were collected separately for leaf blade, leaf sheath, stem and root, 

and after 1-2 hours handling, the material was frozen at -20°C and then freeze-dried and 

ground. The treatments were terminated at day 60. The remaining 15 plants from each 

treatment were taken out of water and put under the same growth conditions as control plants. 

Survival rate were determined after two months recovery. Those plants without green leaves 

present and without initiation of new leaves were considered dead. Survival rate was the 

percentage of the number of living plants to the total number of plants investigated (n = 12).  

 

Soluble sugar concentration and starch concentration analysis 

We found only three major sugars in A. anomala plant extracts: glucose, fructose and sucrose 

by HPLC analysis, and so only these three sugars and starch were measured in this 

experiment. For each ground sample, about 30 mg of freeze-dried plant material was weighed 

and soluble sugar was fully extracted three times with distilled water for 30 min at 80°C. 

Glucose, fructose and sucrose in the extracts were analyzed with a coupled enzyme assay 

(Jones et al., 1977) using a multiplayer photometer (Anthos Mikrosysteme GmbH, Krefeld, 

Germany). For starch analysis, from each sample another two portions (each 30 mg) were 

weighed and autoclaved with distilled water for 2 h at 120°C, 1 bar. After this, one of  these 

two autoclaved samples was incubated in Na-acetate buffer (50mM, pH 4.9) with 1.4U 

a 
b (a) (b) 
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amyloglucosidase and 1U α-amylase) at 37°C for 16h (Maja M. Christ, PhD thesis, 2005), 

while the other autoclaved sample was incubated with the same volume of distilled water.  

The concentration of glucose was then determined using the same procedure as described 

above for these two samples. Starch concentration was calculated as the difference of total 

glucose concentration between the enzyme-incubated and water-incubated sample. The total 

carbohydrate pool was defined as the sum of glucose, fructose, sucrose and starch. 

 

Data analysis  

All the statistical analysis was performed in Sigmastat 2.03 (SPSS Inc, 1992-1997). 

Significance level was set at 0.05. The effects of submergence treatments (control, 

submergence at water temperature at 10°C, 20°C, 30°C) and treatments duration (0, 10, 30, 60 

days) on biomass, carbohydrate level and carbohydrate pool were evaluated with a two-way 

ANOVA. Within a particular duration, the effects of submergence at different water 

temperatures were compared, and within a particular submergence or control treatment, the 

effects of different durations were compared.  

 

 

Experiment  II:  Pre-darkness effects on carbohydrate dynamics and survival rate               

  

Plant material and growth conditions  

The A. anomala plants were cultivated in the same way in the same greenhouse under the 

same conditions as in Experiment I. The only difference was they were grown for two months 

instead of one month in the greenhouse. Afterwards, they were grown further in the same 

indoor laboratory for one month as in the Experiment I. 

 

Pre-darkness submergence and treatments  

All the treatments were conducted in the laboratory mentioned above. Just before the 

treatments began (day 0), part of the plants were harvested for initial dry mass and 

carbohydrate (day 0, n = 5). The other plants were exposed to (1) well drained (control, PAR 

102 µmol photons · m-2 · s-1) for 60 days; (2) 60 days submergence with light and a mixture of 

air and CO2 bubbling; (3) 10 days complete darkness + 60 days submergence with light and a 

mixture of air and CO2 (V: V = 10:1) bubbling. The water in the containers was maintained 

air saturated (O2: 7.1mg· l-1, total dissolved CO2: 223mg · l-1) by continuous and vigorous 

pumping of air bubbles through the water. The water temperature was constant at 20°C. Water 
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pH in the basin was lowered by addition of CO2 from 8.2 to 7.5 and maintained at 7.5 during 

the whole submergence period. The dissolved O2 was measured by a fiber-oxygen meter 

(Microx TX3, PreSens, Germany); total dissolved CO2 was estimated by using the titration 

method described by Klee (1998). 

 

When each of the treatments was ended, all the plants from each treatments were harvested 

for dry mass and carbohydrate analysis (n= 5). The concentration of glucose, fructose and 

sucrose and starch was analyzed in the same way as in Experiment I. The total sugar 

concentration was the sum of concentration of glucose, fructose and sucrose. Another eight 

plants from each treatment were allowed to recover, and survival rate was determined after 

two weeks recovery as in Experiment I. 

 

 

Experiment III:  Comparisons of submergence treatment and darkness treatment: 

carbohydrate concentration and survival rate     

Plant material and growth conditions  

The A. anomala plants were cultivated in the same way in the same greenhouse under the 

same conditions as in Experiment I. The only difference was they were grown for two months 

instead of one month in the greenhouse. Afterwards, they were grown further in the same 

indoor laboratory for one month as in Experiment I.  

 

Submergence and darkness treatments  

All the treatments were conducted in the laboratory mentioned above. Just before the 

treatments began (day 0), part of the plants were harvested for initial dry mass and 

carbohydrate (day 0, n = 5) he plants were exposed to (1) non-submergence with illumination 

(well drained, control, PAR 102 µmol photons · m-2 · s-1), (2) submergence (in compete 

darkness by cover of shade cloth) or (3) pure darkness without submergence. For the 

submergence treatment, plants were immersed in water in six plastic containers (each 17 

plants, 250 liter, water depth 80 cm). The water in the containers was maintained air saturated 

(O2: 7.2mg · l-1, total dissolved CO2: 172mg · l-1) by continuous and vigorous pumping of air 

bubbles through the water. The dissolved O2 was measured by a fiber-oxygen meter (Microx 

TX3, PreSens, Germany); total dissolved CO2 was estimated by using the titration method 

described by Klee (1998). The pH of the tap water was 8.02-8.10 and water temperature was 

stable at 20 ± 0.1°C during the whole treatment period. For the darkness treatments, all the 
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plants were placed into a growth box (3 × 2 × 2 m) covered by four layers of  black cloth. Air 

was circulated by an air pump. No light could be detected in the chamber. Every 10 days (day 

10, 20, 30, 40 & 50), the whole individual plants from each treatment were harvested for dry 

mass and carbohydrate analysis (n= 5). 

 

Sugar and starch analysis  

The concentration of glucose, fructose and sucrose and starch was analyzed in the same way 

as in Experiment I. The total sugar concentration was the sum of concentration of glucose, 

fructose and sucrose.  

 

Survival rate determination  

After 50 days of submergence or darkness treatment, the plants were transferred to the growth 

conditions as control plants with the same illumination and well-drained soils. Survival rate 

were determine after two weeks recovery. Those plants without green leaves present and 

without initiation of new leaves were considered dead. Survival rate was the percentage of the 

number of living plants to the total number of plants investigated (n = 10).  

 

 

Data analysis  

All the statistical analysis was performed in Sigmastat 2.03 (SPSS Inc, 1992-1997). 

Significance level was set at 0.05. The effects of submergence and darkness treatments and 

flooding duration (0d, 10d, 20d, 30d, 40d and 50d) on total soluble sugar concentration and 

starch concentration in  the plant tissue (stem, root and leaf) were evaluated with a two-way 

ANOVA. Within a particular duration, the effects of submergence and darkness treatments 

were compared, and within submergence and darkness treatment, the effects of different 

durations were compared. Significance level was set at P = 0.05.    
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2.3 Carbohydrate concentration in and recovery of submerged Alternanthera 

philoxeroides — water temperature effects and the comparison with darkness treated 

plants  

 

Experiment I:  Water temperature effects on carbohydrate dynamics and recovery  

 

Plant material and growth conditions  

Alternanthera philoxeroides (Mart.) Griseb, commonly called alligator weed, is native to 

South America but has spread to most parts of the world. In China, it is one of the most 

noxious invasive species due to its fast growth rate. A previous study (Wang et al., 2008) 

found that the plants from the Three Gorges reservoir region could tolerate up to six months 

of complete submergence. Therefore it can act as a pioneer species to colonize the water 

fluctuation zone when the water recedes in the end of spring. A single clone of A. 

philoxeroides was collected from riverside Jialing River, a branch of Yangtze River in 

September, 2007. The clone was transported and cultured in the greenhouse of Institute of 

Phytosphere, Forschungzentrum Jülich, Germany. New plants were propagated from this 

single clone and transplanted to pots (380 cm3) filled with one volume of potting soil and one 

volume of sand. The plants were grown for a further 14 days in an indoor laboratory where 

the growth conditions were well controlled, with air temperature constant at 20°C, 

photosynthetically active radiation PAR 102 µmol photons · m-2 · s-1 and a light period of 16h. 

Light intensity was measured with a light sensor (X12 optometer, Gigahertz-optik, Germany).  

 

Submergence treatments at different water temperatures 

All the experimental setup was the same as in the Experiment I from part of 2.2 (Chapter 2. 

Just before the treatments began (day 0), part of the plants were harvested for initial 

respiration rate, stem length, dry mass and carbohydrate concentration (day 0, n = 5). One 

group of plants was regularly watered and the soil was well-drained, referred as control 

plants. The other three groups of plants were completely submerged in six plastic containers 

(each 20 plants, 250 liter, water depth 80 cm) filled with tap water.  Water in the containers 

was maintained air saturated by continuous and vigorous pumping of air bubbles through the 

water. Water temperature was regulated at either 10°C, 20°C or 30°C, with two replicate 

containers per water temperature. For the 30°C treatments, water temperature was maintained 

by two heating sticks; water temperature at 10°C was maintained by circulating cooled water 

in plastic tubes in the containers. The illumination just above the water surface was the same 
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as for the control plants. Every other day (day 2, 4, 6, 8 & 10), the whole individual plants 

from each water temperature treatment were harvested for stem length, respiration rate dry 

mass and carbohydrate concentration analysis (n= 5). 

 

Recovery from submergence and darkness treatments 

After ten days of submergence treatments, the remaining plants from each submergence 

treatment at the three water temperatures were returned to non-submergence conditions as the 

same for control plants. Harvesting was made after three and six days recovery (day 13 and 

day 16) from the three groups of plants previously submerged as well as control plants, the 

respiration, dry mass and carbohydrate concentration were measured as before.  

 

The beneficial effect of shoot contact with air on biomass accumulation  

Shoot contact with free air could benefit submerged plants with less biomass loss or 

additional biomass accumulation. Total biomass of individual plants was compared between 

completely submerged plants and submerged plants with shoot contact with air.  Five plants 

were continuously submerged for 16 days, while another five plants were submerged for 10 

days and in the following 6 days two pairs of fully expanded leaves were allowed to have 

contact with air by lifting the pots upward. The photosynthetically active radiation PAR was 

102 µmol photons · m-2 · s-1 and a light period was 16h.  

 

Respiration rate estimation  

The plants (or the tissues from the additional plants harvested at day 10) were rinsed under tap 

water and respiration rate was immediately measured. Respiration activity was estimated by 

the oxygen uptake rate of a single entire plant. The plants (tissues) were enclosed in air-tight 

glass bottles fully filled with 1.1l tap water. The water was air-saturated before measurement 

(O2: 7.2mg · l-1, total inorganic carbon: 170mg · l-1) with constant temperature at 20 ± 0.1°C. 

The oxygen sensor (the same type as above) was inserted into the bottle through a rubber 

stopper. The system was checked for leakage prior to the measurements. The incubation water 

was stirred vigorously by a magnetic stirrer to homogenize oxygen concentration. The oxygen 

concentration in the bottle was monitored by the sensor, which was connected to a datalogger. 

The incubation duration was 20-30 min. This incubation was short enough that respiration 

rate would not be limited by the decreasing O2 concentration. The pH of the incubation water 

decreased during the incubation but this reduction was always less than 0.3. Respiration rate 

of whole plant or any tissue was calculated as  
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Oxygen uptake rate = (CO2(T=0)- CO2(T=t))* V/t/DM 

CO2(T=0):    start value of O2 concentration( mg /L) in the water (just before the incubation)  

t:           incubation duration (h) 

CO2(T=t):    end value of  O2 concentration( mg · l-1) in the water (just after  incubation for time of  t)  

V:         volume of the incubation of water (l) 

DM:     dry mass (g) of the whole plant or tissue 

 

Carbohydrate  

The harvested plants were washed and after 1-2 hours material handling, plant samples were 

immediately frozen and freeze-dried and the different parts of the plants (leaf, stem and root) 

were weighed and ground into powder. The glucose, fructose and sucrose concentration were 

measured with an enzymatic method described by Jones et al. (1977). The presence of starch 

was checked with amyloglucosidase and α-amylase (Roche Diagnostics GmbH, Germany). 

The result showed the starch was only found in leaves of the A. philoxeroides plants while 

starch concentration in stems and roots was under the detect limit of the method (< 1mg · g-1 

dry mass), indicating absence of starch. These two tissues therefore could be neglected. Next, 

another important polysaccharide, fructan, was checked by an enzymatic Fructan Assay Kit 

(Megazyme Ltd., Ireland) , as we did find a high amount of fructans instead of starch in the 

plants, fructan concentration in various plant parts was therefore analyzed by the same 

Fructan assay Kit.  

 

Stem length measurement  

For each individual plant, the length of main stem was calculated as the sum of all the length 

of internodes. Later, the dry weight of the individual stems was measured and stem dry 

weight per unit stem length was calculated.  

 

Data analysis  

All the statistical analyses were conducted using Sigmastat 2.03 (SPSS Inc, Chicago). The 

duration effects and treatments (control, submergence at different water temperatures) effects 

on carbohydrate (total sugars and total fructans) content, respiration rate and stem length were 

statistically analyzed by two-way ANOVA or Kruskal-Wallis test. When necessary, the 

duration effects within each treatment or treatment effects within each sampling date were 

evaluated with one-way ANOVA. Multiple comparisons between the treatments were 

conducted to reveal the difference between different water temperatures treatment. The 
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beneficial effects of shoot contact with air were evaluated with one-way ANOVA. The 

significance level was set at P =0.05.  

 

Experiment II:  Carbohydrate concentration and respiration of darkness treated and 

submerged Alternanthera philoxeroides plants  

 

Plant material and growth conditions  

The plants used in the experiment were acquired in the same way as in Experiment I from this 

chapter 2.3.  

 

Submergence and darkness treatments  

All the treatments were conducted in the laboratory mentioned above. Just before the 

treatments began (day 0), part of the plants were harvested for initial dry mass and 

carbohydrate (day 0, n = 5) and respiration rate measurement (day 0, n = 5). The plants were 

exposed to (1) non-submergence with illumination (well drained, control, PAR 102 µmol 

photons · m-2 · s-1), (2) submergence (in compete darkness by cover of shade cloth) or (3) pure 

darkness without submergence. For the submergence treatment, plants were immersed in 

water in six plastic containers (each 17 plants, 250 liter, water depth 80 cm). The water in the 

containers was maintained air-saturated (O2: 7.2 µmol · l-1, total CO2: 170 mg · l-1) by 

continuous and vigorous pumping of air bubbles through the water. The dissolved O2 was 

measured by a fiber-oxygen meter (Microx TX3, PreSens, Germany); total inorganic CO2 was 

estimated by using the titration method described by Klee (1998). The pH of the tap water 

was 8.1 and water temperature was stable at 20 ± 0.1°C during the whole treatment period. 

For the darkness treatments, all the plants were placed into a growth box (3 × 2 × 2 m) 

covered by four layers of black cloth. Air was circulated by an air pump. No light could be 

detected in the chamber. Every other day (day 2, 4, 6, 8 & 10), the whole individual plants 

from each treatments were harvested for dry mass and carbohydrate analysis (n= 5) and for 

whole plant respiration rate measurement (n = 5). At day10, additional five plants from each 

of the three treatments were harvested and divided into leaf, stem and root. Leaf chlorophyll 

concentration (n = 5) and the respiration rate of leaf, stem and root were measured separately 

(n = 5).   
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Recovery from submergence and darkness treatments 

After ten days of submergence or darkness treatments, the remaining plants from each 

treatment were returned to non-submergence conditions the same as for control plants. 

Harvesting was made after three and six days recovery (day 13 and day 16), the respiration, 

dry mass and carbohydrate concentration were measured.  

 

Respiration rate estimation and carbohydrate concentration analysis  

Respiration rate estimation and carbohydrate concentration were analyzed in the same way as 

in Experiment I. 

 

Chlorophyll  

Chlorophyll concentration of the first fully grown leaves was determined 

spectrophotmetrically (DR 5000 spectrophotometer, Hach Lange GmbH, Germany) after 

extraction with 96% ethanol. Equation of Wintermans & de Mots (1965) was used to 

calculate the chlorophyll a and b pigments concentration.  

 

Data analysis  

All the statistics were conducted in Sigmastat 2.03 (SPSS Inc, Chicago). The duration effects 

and treatments (control, submergence and darkness) effects on carbohydrate (total sugars and 

total fructans) were statistically analyzed by two-way ANOVA or Kruskal-Wallis test.  When 

necessary, the duration effects within each treatment or treatments effects within each 

sampling date were evaluated with one-way ANOVA. Multiple comparisons between the 

treatments were conducted to reveal the difference between submergence and darkness 

treatment. The treatments effects on leaf chlorophyll content, green leaf biomass and total 

biomass of individual plants were analyzed by one-way ANOVA or Kruskal-Wallis test and 

multiple comparisons between the treatments were conducted.  
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Chapter 3 Results  

 
3.1 Total soluble carbohydrate concentration and survival in flooded Arundinella 

anomala and Salix variegata plants — the effects of water depth and flooding duration 

 
No mortality occurred for any non-flooded or waterlogged plants during the 180 days 

treatment and for submerged plants after 90 days of treatment. All the S.variegata plants 

survived after 120 days of treatment and died after 180 days of treatment. A quarter of A. 

anomala plants survived 120 days of submergence but all died of 180 days of submergence 

(Table 2).  

 

Two-way ANOVA showed significant effects of both flooding duration and flooding water 

depth (Table 3). Except for a large reduction of soluble sugars in leaves of waterlogged A.  

anomala plants  and roots of  waterlogged Salix variegata plants, waterlogging only caused 

slight reduction of soluble sugars concentration . Submergence caused large reduction in 

stem, root and leaf of both species. Soluble sugars concentration in stems and leaves of 

submerged A.  anomala plants became more or less stable after 40,  or 90 days of treatment 

but roots of submerged A. anomala plants and stems and roots of submerged Salix variegata 

plants still continued to decrease (Fig. 7).  

 
Table 2.  Survival rate (%) of A. anomala and S. variegata plants in non-flooding (control), waterlogging (2cm 

water above soil surface) or submergence (2m deep water) treatments. n = 12 for each treatment at each 

harvesting date, the total number of used plants was 144 for each species. 

 

 

 

 

 

Flooding 

Duration 

A. anomala  S. variegata 

Control Waterlogging Submergence  Control Waterlogging submergence 

40d 100 100 100  100 100 100 

90d 100 100 100  100 100 100 

120d 100 100 25  100 100 100 

180d 100 100 0  100 100 0 
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Fig. 7. Soluble sugars concentration (mg · g-1 dry mass) in stems (a, d), roots (b, e) and leaves (c, f) of non-

flooded (control), waterlogged and completely submerged A. anomala plants (a, b, c) and S. variegata plants (d, 

e, f) after 40, 90, 120 and 180 days of treatments.  Points = means ± SE.  n = 7. 

 

Table 3.  F-values and significance of a two-way ANOVA of soluble sugar concentration in A. anomala and   S. 

variegata plants in 3 water depth treatments: non-flooding (control), waterlogging (2cm water above soil 

surface) or submergence (2m deep water) after 40 days, 90 days, 120 days or 180 days of treatments. 
 

 
*- p < 0.05           ***- p < 0.001 

Species Tissues Main factors Interaction(flooding duration × 

water depth) 
  Flooding duration Water depth  

Degrees of freedom  4 2 8 

A. anomala 

Root 7.479*** 16.506*** 5.855*** 

Stem 35.884*** 78.367*** 18.632*** 

Leaf 59.143*** 14.827*** 4.005*** 

S. variegata 

Root 12.905*** 11.315*** 2.157* 

Stem 30.99*** 89.24*** 10.597*** 

Leaf 33.114*** 11.301*** 3.241* 
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3.2 Carbohydrate concentration and survival in submerged Arundinella anomala plants 

— the effects of water temperature and pre-darkness treatment and comparison with 

darkness treated plants   

 

Experiment I:  Water temperature effects on carbohydrate dynamics and survival rate 

 

The pH of water in the container was about 8.0 at 20°C and 30°C and 7.55 at 10°C. Saturated 

oxygen and carbon dioxide concentration in the water was altered by water temperature 

greatly; as water temperature decreased, dissolved oxygen and carbon dioxide increased 

(Table 4).   

 

Water temperature affected survival rate of submerged A. anomala plants. No mortality 

occurred in plants submerged at 10°C, nearly half of the plants (9 plants) died at 20°C and all 

the plants died at 30°C (15 plants) (Fig. 8). The total living biomass of individual plants 

increased in the non-submergence condition and decreased in submergence conditions, but 

only significantly different from day 0 at 30°C (Fig. 9a, P < 0.05). This loss of biomass in 

submerged plants was mainly due to death of shoots (Fig. 9b). In submerged plants, at 30°C, 

all the leaves decayed before day 30 while the same symptom was observed before day 60 at 

20oC (Fig. 9c, d). Plants submerged at 10°C maintained most of their leaves (Fig. 9c, d). Stem 

biomass did not decrease significantly with submergence treatments, with the exception of 

very low value at 30°C at day 60 (Fig. 9e, P < 0.05). In contrast to the other tissues, biomass 

accumulation of roots was strongly and rapidly reduced by submergence but root biomass did 

not decrease further and remained constant, independent of water temperature (Fig. 9f, P > 

0.05). 

 

Submergence decreased the sugar and starch concentration in all tissues, independent of water 

temperatures (Fig. 10, P < 0.05). The decreased level of carbohydrate was dependent on 

submergence duration and water temperature (Fig. 10, P < 0.05). In leaves (Fig. 10a-h) and 

roots (Fig. 10i-l), the decrease was remarkably fast only during the first 10 days of 

submergence; in stems (Fig. 10m-p), the decrease of carbohydrate concentration was fast and 

continuous during the whole treatment period. The temperature effects were most pronounced 

in leaves and roots, and less in stems. Generally, lower water temperature led to higher sugar 

content. No temperature effect was found in starch level on any tissue (Fig. 10d, h, l & p, P < 

0.05). 
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a  Controll (100% ) (b) 10°C (100%) (c ) 20°C (40%) (d) 30°C (0%) 

 

           Table 4. Water pH, dissolved O2 and CO2 concentration at 10°C, 20°C and 30°C in the containers. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 8. Survival rate (%) of A. anomala plants. (a)  non-submerged (control) or submerged with water  

temperature of (b)10°C, (c) 20°C or (d) 30°C (n = 15), determined after 2 months recovery.     

 

 

Submergence strongly decreased the total amount of carbohydrate in individual plants 

(calculated as the product of total carbohydrate concentration and total biomass of each organ 

(stem, leaf blade, leaf sheath and root)), and this effect was independent of water temperature 

(Fig. 11). Different water temperatures did not alter the carbon pool size in stems, leaves and 

whole plants (P > 0.05, Fig. 11a, c, d & e), but clear difference was found  in roots (P < 0.05, 

Fig. 11b), with larger pool size at lower temperature. 

 

In submerged plants at water temperature of 30°C at day 30, sucrose concentration and starch 

concentration were higher in living stem than dead stem, but the glucose concentration and 

fructose concentration was nearly the same (Fig. 12a). Glucose, fructose and sucrose 

concentration were much higher in living leaf than in dead leaf, but no significant difference 

of starch concentration occurred (Fig. 12b). 

 

Water temperature 10°C 20°C 30°C 

pH 7.55 8.04 8.02 

Dissolved O2 (mg · l-1) 8.96 7.20 5.84 

Total dissolved CO2 (mg · l-1) 245 166 122,5 
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 Fig.  4. Biomass (dry mass, g) of total plant (a excluding the dead shoot), dead shoot (b), leaf blade (c), leaf 

sheath (d), stem (e) and root (f) of A. anomala  per plant  either non-flooded (control), or submerged with water 

temperature of 10°C, 20°C or 30°C. The missing data for living biomass of leaf blade and leaf sheath is due to 

leaf decay during submergence (n = 5, points = means ± SE) 



 

35 
 

 
 

Fig. 10. Concentration (mg·g-1 dry mass) of glucose (a, e, i, m), fructose (b, f, j, n), sucrose (c, g, k, o) and starch 

(d, h, l p), in leaf blade (a–d), leaf sheath (e–h), root (i–l) and stem (m–p) of A. anomala plants either non-

flooded (control), or submerged with water temperature of 10°C, 20°C  or 30°. The missing data for 

carbohydrate concentration of leaf blade and leaf sheath is due to leaf decay by submergence (n = 5, points = 

means ± SE) 
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Fig. 11. Carbohydrate pool (the total amount of glucose, fructose, sucrose and starch, mg) in stem (a), root (b), 

leaf blade (c), leaf sheath (d) and total plant (e, excluding the dead shoot) per plant, of A. anomala either non-

flooded (control), or submerged with water temperature of 10°C, 20°C or 30°C. (n = 5, points = means ± SE) 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

37 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Carbohydrate concentration (mg·g-1 dry mass) in living stem and dead stem (from plants harvested at 

day 30 submerged at 30°C) and in living leaf and dead leaf (from plants harvested at day 30 submerged at 30°C). 

Points= mean + SE, n = 5. *, P < 0.05, ns, P > 0.05.  

 

 

Experiment II:  Pre-darkness effects on carbohydrate dynamics and survival rate  
  
Submergence with or without 10 days of darkness pretreatment both reduced greatly total 

sugar concentration (Fig. 13a, c and e) and starch concentration(Fig. 13b, d and f) in A. 

anomala plants. 10 days of pre-darkness treatment resulted in much lower total sugar 

concentration and starch concentration than control plants in all tissues (P < 0.05). 

Correspondingly, plants submerged for 30 days had higher concentration of total sugars or 

starch than plans with 10 days of pre-darkness treatments  and following submerged for 30 

days (Fig. 13a, b, c, d and f, P < 0.05), except for total sugar in leaf (Fig. 13e, P > 0.05). After 

60 days of submergence with or without 10 days pre-darkness treatments, total sugar or starch 

concentration was still higher in submerged plants without pre-darkness treatments than with 

pre-darkness treatments (Fig. 13b, c, d, e and f, P < 0.05), except for total sugar in stem (Fig. 

13a, P > 0.05). 
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Table 5. Survival rate (%) of A. anomala plants exposed to either non-submergence (control), 60 days of 

submergence (without 10 days of pre-darkness treatment) or the plants were exposed to 10 days of darkness 

treatment (non-submergence) and following 60 days  of submergence treatment. n = 8.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Total sugar (glucose + fructose + sucrose) concentration (mg ·g-1 dry mass, a, c and e) and starch 

concentration (mg ·g-1 dry mass, b, d and f) in stem (a and b), root (c and d) and leaf (e and f) of A. anomala 

plants, were exposed to either non- submergence (control, white column), 30 day and 60 days of submergence 

(without pre-darkness treatment, grey column) or the plants were exposed to 10 days of darkness treatment (non-

submergence) and following 30days and 60 days of submergence treatment (black column).   

 

 

10 days of darkness pre-darkness treatment caused much lower survival rate (12.5%, 1 plant 

survived) after 60 days of submergence treatment than 60 days submergence treatment 

without pre-darkness treatment (50 %, 4 plants survived) (Table 5). 

Treatment Control 60d submergence 10d pre-darkness + 60d submergence 

Survival rate 100 50 12.5 
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Experiment III: Comparisons of submergence treatment and darkness treatment: 

carbohydrate concentration and survival rate     

Submergence or darkness stress imposed large impacts on carbohydrates concentration in A. 

anomala plants (Fig. 14). Both total sugar and starch accumulated in non-submerged plants 

growing in well drained soils while both darkness and submergence treatments induced a 

large reduction of total sugar concentration and starch concentration which decreased with 

increasing duration (Fig. 14). In stems and roots, total soluble sugar decreased very fast from 

day 0 to day 10, afterwards, the decrease was slowed down; this was the case in starch in leaf 

(Fig. 14a, c & f). In contrast, the decrease of soluble sugars in leaf and starch in stems was 

almost consistent during the 50 days of submergence (Fig. 14b & e).  In roots, the decrease 

was faster from day 0 to day 30 and almost stable from day 30 to day 50 (Fig. 14d). 

Significant higher starch level but not total sugar level was found in the stems of submerged 

plants than in darkness treated plants (Fig. 14a & b); no significant difference of total sugars 

and starch occurred in roots and leaves (Fig. 14c, d, e & f). After 50 days of submergence or 

darkness treatment, only 40 % plants survived. Survival rate was the same for the two 

treatments (Table 6).  

 

 

 

 
Table 6. Survival rate (%) of A. anomala plants, exposed to either control (non- submergence+ illumination), 

darkness (without submergence) or submergence (in darkness) treatments for 50d. Survival rate was determined 

after two weeks of recovery (n = 10). 

 
 

 

 

 

 

 

 

 

Treatment Control 50d darkness 50d submergence 

Survival rate 100 40 40 
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Fig. 14. Total sugar (glucose +fructose + sucrose) concentration (mg · g-1 dry mass) and starch concentration 

(mg · g-1 dry mass) in A. anomala plants,  exposed to either control (non-submergence + illumination, closed 

circle), darkness (non-submergence, open circle) or submergence (in darkness, closed triangle ) treatments for 

10d, 20d , 30d, 40d and 50d. Stem: a, b; root: c, d; leaf: e, f. Total sugar: a, c, e; starch: b, d, f.  
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3.3 Carbohydrate concentration in and recovery of submerged Alternanthera 

philoxeroides — water temperature effects and the comparison with darkness treated 

plants  
 

Experiment I:  Water temperature effects on carbohydrate dynamics and recovery 

  

Similar to the submergence experiment on A. anomala plants at different water temperature, 

with decreasing water temperature, pH of the water slightly decreased, but both dissolved 

oxygen and carbon dioxide decreased (Table 7).   

 

Submergence caused large reduction of both soluble sugar concentration and fructan 

concentration in A. philoxeroides plants, independent of water temperature (Fig. 15). In 

submerged plants, glucose concentration was decreased in stem, root and leaf, the reduction 

of glucose concentration increased with increasing water temperature (Fig. 15a, e & i). In the 

recovery period, glucose concentration increased much faster in plants submerged at water 

temperature at 30°C from day 10 to day 13.  At day 16, glucose concentration was much 

higher in leaves of plants submerged at 30°C than at 20°C and 10°C, but for stems and roots, 

glucose concentration was highest in plants at 10°C, lowest in plants at 20 °C.  

 

In contrast to glucose content, in submerged plants, the fructose concentration peaked at day 2 

or day 4. The peaks were very remarkable in stem and roots and less remarkable in leaves 

(Fig. 15b, f & j). Afterwards, fructose concentration started to decrease till the end of 

submergence period, and generally was higher at lower water temperature. In the recovery 

period, fructose concentration increased. From day 13 to day 16, fructose concentration in 

stems and leaves increased much faster in plants at 30°C than at 20 °C and 10 °C; in roots it 

was very similar at 30°C and 20°C and much lower at 20°C. At day 16, fructose concentration 

was very similar in plants at three different water temperature in stems; in roots, it was 

highest at 10°C and lowest at 20°C; in leaves, fructose concentration was similar in plants at 

10°C and 20°C and higher in plants at 30°C (Fig. 15b, f & j). 

 

Sucrose concentration was decreased by submergence as well (Fig. 15c, g & k). For plants 

submerged at 10°C, sucrose concentration decreased from day 0 to day 6, followed by slight  
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Table 7. Water pH, dissolved O2 and CO2 concentration at 10°C, 20°C and 30°C in the containers. 

 

 

 

increase in the following submergence period (day 6 to day 10) (Fig. 15c, g & k). For plants 

submerged at 20 °C, sucrose concentration in stems decreased from day 0 to day 6 and 

increased from day 6 to day 10 (Fig. 15c), but in roots and leaves (Fig. 15g & k),  it decreased 

during the first 6 days and then remained at low level. For plants submerged at 30°C, sucrose 

concentration all decreased from day 0 till day 6 and then remained at low level (Fig. 15c, g & 

k). From day 10 to day 13, sucrose concentration in all tissues at all water temperature 

increased sharply; in stems or in roots, it was at similar level in plants at three water 

temperature (Fig. 15c & g), but in leaves, it was highest in plants submerged at 30°C and 

lowest at 10°C (Fig. 15k). At day 16, in stems and roots, sucrose concentration was highest at 

10°C and lowest at 20°C; in leaves, it was highest in plants at 30°C, and similar in plants at 

10°Cand 20°C (Fig. 15c, g & k). 

 

Fructan concentration decreased in all tissues at all water temperature (Fig. 15d, h & l). It was 

generally higher with lower water temperature in stems and roots (Fig. 15d & h); in leaves, 

fructan concentration was highest at 10°C, but lowest at 20°C (Fig. 15l). In the recovery 

period, in stems and roots, it increased greatly in plants previously submerged at 10°C and 

20°C but increased only slightly in plants at 30°C (Fig. 15d &h); in leaves, it decreased 

sharply from day 10 to day 13 in plants previously submerged at 10°C but increased slightly 

for plants at 20°C and 30°C (Fig. 15l). 

 

Leaf starch concentration increased slightly in non-submerged plants during this period, but 

decreased almost to the same extent at different water temperature from day 0 to day 4 and 

remained very low from day 4 to day 10. In the recovery period, leaf starch concentration in  

 

Water temperature 10°C 20°C 30°C 

pH 7.65 8.10 8.15 

Dissolved O2 (mg · l-1) 9.08 7.15 6.02 

Total dissolved CO2 (mg · l-1) 230 183 125 
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Fig. 15. Glucose (a, e & i), fructose (b, f & j), sucrose (c, g & k) and fruc  tan (d, h & l) concentration(mg · g-1 

dry mass) of in non-submerged plants (control, closed circle) and submerged plants with different water 

temperature. 10°C, open circle; 20°C, closed triangle; 30°C, open triangle). Different tissues were investigated 

separately: a-d for stem, e-h for root, i-l for leaf. The carbohydrate concentration were measured and shown 

every other day.  Afterwards, starting from 10d, the plants were transferred to the normal growth conditions as  

where the control plants were,  the carbohydrate concentration were measured at day 13 and day 16 ( after 

recovery for 3 days and 6 days). Data are mean ± SE, n = 5. 
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Fig. 16. Starch concentration (mg · g-1 dry mass) of in leaves of non-submerged plants (control, closed circle) 

and submerged plants with different water temperature. 10°C, open circle; 20°C, closed triangle; 30°C, open 

triangle). The starch concentration was measured and shown every other day.  Afterwards, starting from 10d, the 

plants were transferred to the normal growth conditions as  where the control plants were,  the starch 

concentration were measured at day 13 and day 16 ( after recovery for 3 days and 6 days). Data are mean ± SE, n 

= 5.  

 

 

all submerged plants  increased remarkably from day 10 to day 13, and remained stable from 

day 10 to day 16 for plants previously submerged at 10°C and 20°C, but still increased for 

plants previously submerged at 30°C (Fig. 16). 

 

Submergence reduced respiration rate at all water temperatures (Fig. 17). Respiration rate 

level increased with decreasing water temperature. The difference of respiration rate between 

10°C and 20°C was not significant from day 6 to day 8. During the recovery period, 

respiration rate of submerged plants increased from day 10 to day 13; this increase was fastest 

in plants at 10°C and lowest in plants at 30°C. From day 13 to day 16, respiration rate in 

plants submerged at different water temperature remained more or less stable, but still was 

highest in plants at 10°C and lowest in plants at 30°C. 
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Fig. 17. Respiration rate (mg O2 · g-1 dry mass · h-1) of individual non-submerged plants (control, closed circle) 

and submerged plants with three different water temperatures: 10°C (open circle), 20°C (closed triangle), and 

30°C (open triangle). The respiration rates were measured and shown every other day.  Afterwards, starting from 

10d, the plants were transferred to the normal growth conditions, as where the control plants were, the 

respiration rate were measured at day 13 and day 16 ( after recovery for 3 days and 6 days). Data are mean ± SE, 

n = 5, a total 145 plants were used. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 18.  Non-submerged (a) and submerged A. philoxeroides plants at different water temperature: (b) 10°C, (c) 

20°C or (d) 30°C, after 6 days of recovery.     

 

 

 

 

 

(a) Control  (b) 10°C (c ) 20°C (d) 30°C 
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Fig. 19. Dry mass (g) of individual non submerged plants (closed circle) or plants submerged at water 

temperature of 10°C (open circle), 20°C (closed triangle), and 30°C (open triangle at beginning of the treatment 

(0d), after 10 days of submergence (10d ) and recovery for 3 days (13d) and recovery for 6 days (16d ). 

 

 

In the 10 days of the treatment period, the total biomass of non-submerged plants increased 

remarkably, and submergence treatments caused very little biomass loss at any water 

temperature (Fig. 19). Difference of biomass accumulation occurred in the recovery period; 

plants previously submerged at lower water temperature tend to accumulate biomass faster 

(Fig. 18 & Fig. 19).  
 

Submergence with water temperature at 20°C and 30°C induced fast upward stem elongation; 

non-submerged plants and submerged plants at water temperature of 10 °C only increased 

slightly, even lower in the latter treatment (Fig. 20a). However, the dry weight of stems 

increased substantially in non-submerged plants and remained relatively stable in submerged 

plants (Fig. 20b), and consequently stem dry weight per unit length was increased in non-

submerged plants and decreased remarkably at 20°C and 30°C, but relatively mildly at 10°C 

(Fig. 20c). The beneficial effects of biomass accumulation were investigated by a comparison 

between plants kept submerged and the plants which were allowed to get contact with free air 

(Fig. 21). The relative increment of biomass when the submerged plants were allowed to have 

access to air increased with increasing water temperature.  
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Fig. 20. Left: the elongated shoots of A. philoxeroides after 10 days of submergence. Right: Stem length (cm), 

stem biomass (dry weight, g), and stem biomass per unit stem length (g · cm-1) of individual plants either non-

submerged (control) or submerged at three different water temperatures: 10°C (open circle), 20°C (closed 

triangle), and 30°C (open triangle) at 0d, 2d, 4d, 6d ,8d and 10d.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21. The percent (%) of dry mass of individual submerged plants which were kept under water  relative to the 

dry mass of submerged plant with contact to free air relative to plants at corresponding water temperature of 

10°C, 20°C and  30°C. All the plants were submerged for 10 days, afterwards, for half of the plants at each water 

temperature, the first 2 fully expanded leaves were allowed to contact to free air; the other half of the plants were 

kept under water. Plants were harvested after 6 days of shoots exposure or without shoot exposure and dry mass 

were determined.   
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Experiment II:  Pre-darkness effects on carbohydrate dynamics and survival rate       

 

In A. philoxeroides plants, fructans were the major carbohydrate reserve while soluble sugars 

were only a small portion of the total carbohydrate pool (Fig. 22). A large amount of fructan 

(150-300mg · g-1 dry mass in stem and 50-200mg · g-1 dry mass in roots, Fig.  22e & f) was 

found in the control plants (non-submergence and full illumination). For the control treatment, 

the total soluble sugar concentration and fructan concentration increased during day 0-10 and 

reached the highest levels at day 10-16, with similar pattern in leaf, stem and root (Fig. 22). 

Starch was present in leaves of the A. philoxeroides plants, but not in stems and roots (Fig. 

23). 

 

The submergence and darkness treatments imposed large impacts on carbohydrate content. 

On day 2, total soluble sugars and total fructans concentration in leaf of submerged plants was 

increased compared to day 0, however, insignificantly (P < 0.05); in leaves of darkness 

treated plants, total soluble sugars concentration significantly (P < 0.05) and total fructans 

concentration insignificantly (P > 0.05) decreased (Fig. 22a & d).  Afterwards, total soluble 

sugar concentration and total fructans concentration in all tissues started to decrease till day 6 

when they were significantly lower compared with corresponding value on day 0 (Fig. 22, P < 

0.05). During day 6-day 10, the carbohydrate concentration was relatively stable, indicating 

the minimum level in the tissues (Fig. 22, P > 0.05). There were no significant differences of 

total soluble sugar concentration between submerged plants and darkness treated plants 

during day 2 - day 10 (P > 0.05), with the exception of the higher total soluble sugars in 

leaves of submerged plants than in leaves of darkness-treated plants on day 2 (Fig. 22a). In 

the control plants, leaf starch increased from day 0 to day 10 and remained stable during day 

10 to day16; in submerged plants and darkness treated plants, leaf starch concentration 

dropped quickly from day 0 to day 4 and remained very low during day 4 to day 10 (Fig. 23).  

 

The submerged plants and darkness-treated plants were allowed to recover under the normal 

growth conditions after 10 days of treatments. After 3 days’ recovery, on day 13, both the 

total soluble sugar concentration and total fructan concentration were strongly increased in all 

tissues from both stress treatments except for the fructan concentration (P < 0.05) in stems 

(Fig. 22). From day 13 to day 16, total soluble sugar concentration continued to increase in 

stems (Fig. 22b) but decreased in leaves and roots (Fig. 22a & c). Both total soluble sugars 

concentration and total fructan concentration was significantly higher (P < 0.05) in the plants 
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Fig. 22. Total soluble sugars (glucose + fructose + sucrose, mg · g-1 dry mass) and total fructan concentration 

(mg · g-1 dry mass) in A. philoxeroides plants. The upper row shows the total soluble sugar content; the lower 

row shows the total fructan content. Different tissues were investigated separately: a & d for leaf, b & e for stem, 

c & f for root. The plants were exposed to three different treatments for 10 days (0d-10d): (1) well drained 

(control, black and closed circle), (2) submergence (white and open circle) or (3) complete darkness conditions 

(triangle). The carbohydrate concentration was measured and shown every other day.  Afterwards, starting from 

10d, the plants were transferred to the normal growth conditions as  where the control plants were,  the 

carbohydrate concentration were measured at day 13 and day 16 (after recovery for 3 days and 6 days). Data are 

mean ± SE, n = 5. For clarity, the statistical significance was shown only for the difference between the 

submergence and darkness treatments within each sampling time. *, P<0.05, **, P<0.01, *** P<0.001. At 

sampling times where asterisks are absent, the difference between the two treatments is not significant, P>0.05. 
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Fig. 23. Leaf starch concentration (mg · g-1 dry mass) in A. philoxeroides plants. The plants were exposed to 

three different treatments for 10 days (0d-10d): (1) well drained (control, black and closed circle), (2) 

submergence (white and open circle) or (3) complete darkness conditions (triangle). The leaf starch 

concentration was measured and shown every other day. Afterwards, starting from 10d, the plants were 

transferred to the normal growth conditions as for the control plants, the carbohydrate concentration were 

measured at day 13 and day 16 (after recovery for 3 days and 6 days). Data are mean ± SE, n = 5.  

 

 

that recovered from submergence than the plants from darkness on both day 13 and day 16, 

except for the fructan concentration in stems on day 13 (Fig. 22). In leaves, the starch 

concentration increased quickly from day 10 to day 13 and remained stable from day13 to day 

16; on day 13 and day 16, the leaf starch concentration in submerged and darkness treated 

plants was very close to that in control plants ( P > 0.05, Fig. 23).  

 

The sampling time for respiration was the same for carbohydrate content. The submergence 

and darkness treatments imposed strong effects on dry mass normalized respiration rate of 

entire individual plants (Fig. 24). In control plants, respiration increased during day 0-4 but 

started to decrease at day 6 till day 13. Despite this decrease, the respiration rate of control 

plants was, however, always higher than submerged plants or darkness treated plants during 

the treatment period (day 2-10, P < 0.05). Both submergence and darkness treatments strongly 

reduced respiration rate on day 2 and then continued to decrease during days 2-10 to a very 

low level (about 0.4 mg O2 · g dry mass · h-1). Despite the similar reduction and decrease of 

respiration rate, the respiration rate level in submerged plants was higher than in darkness 
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Fig. 24. Respiration rate (mg O2 · g-1 dry mass · h-1, data are means ± SE, n = 5) of entire individual plant of A. 

philoxeroides. The plants were exposed to three different treatments for 10 days (0d-10d): (1) well drained 

(control, black and closed circle); (2) submergence (white and open circle); (3) complete darkness conditions 

(triangle). The respiration rates were measured and shown every other day. Afterwards, recovery started from 

10d, and the plants were transferred to the normal growth conditions under which the control plants were treated, 

the respiration rate on day 13 and day 16 (after recovery for 3 days and 6 days) were measured and shown. Data 

are mean ± SE, n = 5. For clarity, the statistical significance was shown only for the difference between the 

submergence and darkness treatments within each sampling time. *, P < 0.05, at sampling times where asterisks 

are absent, the difference between the two treatments is not significant, P > 0.05. 

 

 

treated plants. This difference was significant on day 2, day 4 and d (P > 0.05).  Afterwards, 

as recovery started, respiration rate in both submerged plants and darkness treated plants was 

greatly enhanced from day 10 to day 13, and remained almost the same on day 16 in formerly 

submerged plants and still increased in the formerly darkness-treated plants (Fig. 24).  

 

 

Additionally, respiration rate of leaf, stem and roots were investigated separately on day 10 

(Fig. 25). Tissue specific respiration rate of the plants from the submergence and darkness 

treatment were compared. Similar to the respiration rate of entire individual plants, respiration 

rate of stem, root and leaf was greatly reduced compared with both the respiration rate 

recorded at day 0 and with the respiration rate of control plants at day 10. At day 10 
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Fig. 25. Respiration rate (mg O2 · g-1 dry mass · h-1) of different tissues (stem, root and leaf) of A. philoxeroides 

plants. Respiration rates were measured on day 0 just before the treatments began (white and open column). 

After 10 days of the three different treatments, respiration rates were measured on day 10: (1) well drained an 

illuminated (grey and closed column); (2) submergence (hatched column); (3) complete darkness conditions 

(black and closed column).The total amount of oxygen uptake was recorded and normalized by the total dry 

mass of each tissue in single plants and the incubation time. Data are means ± SE, n = 5. Different letters 

indicate significant differences within each tissue (P<0.05); the same letters indicate no differences within each 

tissue (P > 0.05). 

 

 

Table 8. Chlorophyll concentration (mg · g-1 fresh leaf mass) on day 10 (after 10 days submergence or darkness  
treatments) and total green leaf biomass and total biomass of individual plants (dry weight, g) on day 10 and day 

16 (after 10 days submergence or darkness treatments and further 6 days recovery).  

 

 Sampling time Control Submergence Darkness 

Chl a Day 10 0.74b 0.89a 0.61c 

Chl b Day 10 0.22b 0.27a 0.18b 

Total green Leaf biomass 
Day 10 0.34a 0.16b 0.11c 

Day 16 0.54a 0.26b 0.17c 

Total plant biomass 
Day 10 0.92a 0.35b 0.30b 

Day 16 1.66a 0.60b 0.41b 

 

Data are means ± SE, n = 5. Different letters indicate significant differences within each parameter on each sampling day (P < 0.05); the 

same letters indicate no differences within each parameter on each sampling day (P > 0.05).  



 

53 
 

respiration of stem or leaf was not significantly different (Fig. 25, P > 0.05) between the 

submergence and darkness treatments, but respiration of roots was much higher in submerged 

plants (Fig. 25, P < 0.05). 

 

We observed that a large proportion of leaves (older leaves) were senescent during the 10 

days darkness treatment, while no leaf senescence occurred in submergence treatment. On day 

10, chlorophyll concentration was determined from the first fully grown leaves in the plants 

and compared among the three treatments (Table 8). Both Chl concentration and Chl b 

concentration were higher in submerged plants and lower in darkness treated plants, 

compared with control plants, the difference between the submergence and darkness treatment 

was significant (Table 8, P < 0.05). 

 

Biomass of individual plants was determined on day 10 and day 16 and compared among the 

3 treatments (Table 8). Total biomass as well as total green leaf biomass of individual plants 

was significantly increased after only 6 days recovery from both submergence and darkness 

treatments (P < 0.05). Submerged plants maintained more total biomass and leaf biomass than 

darkness treated plants on day 10 just before start of recovery (Table 8). On day 16, the total 

biomass as well as total green leaf biomass of individual plants was much higher in plants 

which recovered from submergence than the plants from darkness treatment.  
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Chapter 4 Discussion  

 
4.1 Total soluble carbohydrates and survival rate of flooded Arundinella anomala and 

Salix variegata plants  

 

Species vary greatly in their submergence tolerance (Vervuren et al., 2003; Van Eck et al., 

2004). For the species selected in my study, in their habitats at the riverside, the annual 

summer flooding submerges the three plants species; to survive these stress conditions, they 

have to develop special adaptations. A. anomala and S. variegata plants showed unusually 

high flooding tolerance, with full survival after 1-3 months (Table 2, Fig. 8 and Table 5). In 

another study, larger A. philoxeroides plants had a 100% survival rate after 2 months 

submergence (Wang et al., 2008). The high tolerance is close to the records of some 

submergence tolerant plant species of the River Rhine (Vervuren et al., 2003; Van Eck et al., 

2004).  

 

It is intriguing to know why these species are much more tolerant than others. Previous 

research work has pointed out the importance of carbohydrate reserve for flooding tolerance 

(Bailey-Serres & Voesenek, 2008). To see whether this is the case in the three species, as a 

first step, we need to know how the carbohydrate concentration may change with the two 

essential factors of submergence, water depth and flooding duration. Therefore, survival and 

soluble sugar concentration in A. anomala and S. variegata was investigated in a prolonged 

flooding experiment (40 days to 180 days, Chapter 3). It was shown that survival (Table 2) 

and water soluble sugar level (Fig. 7) were hardly decreased by shallow soil flooding. Full 

survival rate and high soluble sugar level after a six-month waterlogging treatment suggests 

that A. anomala and S. variegata plants can survive far more than root submergence. Indeed, 

another study on S. variegata plants showed that the growth vigor of waterlogged plants in the 

early stages of the waterlogging treatment was comparable to non-flooded plants (Luo et al., 

2008). Gas exchange measurement showed a high photosynthesis capacity even after 60 days 

of waterlogging in A. anomala plants (Luo et al., 2006; Luo et al., 2007). Adventitious roots 

(Chen et al., 2007a) and aerenchyma (Chen et al., 2007b; Zhang et al., 2008) started to 

produce in A. anomala and S. variegata plants after only 5-8d of waterlogging, which 

improved aeration of the submerged roots. All these adaptations could help to maintain the 

high carbohydrate status in the waterlogged plants. In earlier studies, carbohydrate status has 

been referred as a key indicator of flood-tolerance. A tolerant sorghum variety maintained 
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more sugar than an intolerant variety after waterlogging (Singla et al., 2003); similarly, flood-

tolerance of bottomland tree species was closely associated with starch level in their roots 

after waterlogging treatment (Gravatt & Kirby, 1998). However, death from flooding might 

not always be due to depletion of sugar in some intolerant species, such as alfalfa 

(Castonguay et al., 1993), wheat (Huang & Johnson, 1995), bitter melon (Su et al., 1998), 

which even accumulate high amounts of sugars under waterlogging conditions. These results 

suggest that high sugar concentration does not necessarily lead to flooding tolerance.  

 

In contrast to waterlogging conditions, complete submergence caused large reduction of total 

soluble sugars concentration in all tissues (Fig. 7). In roots of A. anomala plants, soluble 

sugars still decreased from day 90 and 180 (Fig. 7b). Survival rate decreased from 100% after 

90 days of submergence to 0% after 180 days of submergence (Table 2). Unlike the 

experimental flooding conditions, the annual natural flooding that these species usually have 

to cope with is only transient with relative short duration (1-2 weeks). Despite this fact, these 

two species survive much longer experimental submergence, indicating a high tolerance far 

beyond that required. The soluble sugar concentration kept decreasing and reached to very to 

low levels, coupled with the mortality of the submerged plants. This suggested they were 

closely associated with each other. Under prolonged submergence conditions, photosynthesis 

is severely inhibited and the plant may suffer from carbon starvation (Voesenek et al., 2006). 

We therefore expect that these species may adopt a dormancy strategy:  low metabolism level 

and efficient use of carbohydrate reserve, well characterized in some anoxia tolerant species 

(Schlüter & Crawford, 2001). Therefore, for the next step, the association between 

carbohydrate utilization and submergence tolerance was studied (Chapter 3). Those factors 

which alter the size of the carbohydrate pool may alter the submerge tolerance. These include 

different water temperature treatments and pre-darkness treatments in Arundinella anomala 

plants and in Althernanthera philoxeroides plants (Chapter 3). We compared the carbohydrate 

concentration level in submerged plants and darkness-treated plants, which would lend further 

support to the idea that carbohydrate reserve plays a critical role in submergence tolerance.   

 

 

4.2 Water temperature effects  

 

The beneficial effects of low temperature under flooding conditions were observed in many 

plant species. Low soil aeration or waterlogging damage was larger at the higher soil 
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temperatures in creeping bent grass (Huang et al., 1998) and wheat (Trought & Drew, 1982). 

Similarly, winter flooding with lower water temperature caused lower mortality in submerged 

rice plants (Das et al., 2009) and 10 terrestrial plant grassland species (van Eck et al., 2006). 

Lower water temperature maintained more biomass and carbohydrate in Rumex crispus and R. 

acetosa (van Eck et al., 2005). We observed substantial effects of water temperature on 

submerged A. anomala and A. philoxeroides plant. In A. anomala plants, leaf loss was 

delayed, more biomass was maintained (Fig. 9) and survival rate was enhanced by a lower 

water temperature (Fig. 8). The submergence effects and water temperature effects depended 

on different carbohydrate groups in specific tissues. Starch and sucrose were strongly 

mobilized at all temperatures in all tissues; therefore the concentration was not significantly 

different among the temperature treatments. Glucose concentration  and fructose 

concentration  were relatively more stable, but still slightly decreased in the leaves and stems 

and tended to be higher at higher water temperature; in the roots, glucose concentration and 

fructose concentration were decreased at 20°C and 30°C but remained almost constant at 

10°C (Fig. 10i & j). In the dead leaf or stem tissues, either soluble sugars or starch were 

depleted (Fig. 12).  In conclusion, submergence generally decreased carbohydrate level, and 

the utilization of carbohydrate tended to be slower when water temperature was lower. In the 

stem only the fructose concentration and the sucrose concentration were significantly 

influenced by water temperature (Fig. 10n & o). The clearest sugar level difference occurred 

in roots in different water temperature treatments; sugar concentration in roots was generally 

higher at lower water temperature (Fig. 10i, j & k). The roots had the smallest pool of 

carbohydrate (Fig. 7 & Fig. 10), and sugar transport from the stems to the roots was probably 

blocked due to oxygen deficiency in the submerged plants just as in anoxic condition (Van 

Dongen et al., 2003). In the leaf, lower water temperature maintained more leaf tissues and 

therefore a higher leaf carbohydrate pool. When the total amount of carbohydrate pool in each 

tissue was compared between different water temperature treatments, it was clear that only in 

roots was the size of carbohydrate pool significantly influenced by different water 

temperature. These results suggested that survival in long-term flooding may be limited by 

carbohydrate in roots. 

 

Lower water temperature resulted in averaged higher carbohydrate concentration (Fig. 15) 

and low level of respiration rate (Fig. 17) and in submerged A. philoxeroides plant. 

Remarkable peaks of fructose concentration occurred (Fig. 15b, f & j), together with less 

evident peak of sucrose concentration (Fig. 15c, g & k), indicating mobilization of fructan 
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during the submergence (fructan was only found in A. philoxeroides plants). At 30°C, either 

higher or earlier occurrence peaks of fructose concentration at day 2 or day 4 at 30°C (Fig. 

15b, f & j), which suggested that mobilization and utilization were much faster at higher 

water temperature. After 10 days of submergence, at  lower water temperature, both soluble 

sugars and fructan concentration were higher at 10°C than at 20°C and 30°C; however, the 

differences between 20°C and 30°C were so pronounced, compared with 10°C (Fig. 15). 

Respiration rate decreased continuously with prolonged submergence (Fig. 17), indicating 

acclimation to submergence. This reduction was slower with lower water temperature, 

consistent with the higher carbohydrate level at lower water temperature. Recovery processes 

were faster after submergence at lower water temperature. After 6 days of recovery, plants 

previously submerged at 10°C had much higher sugar and fructan concentration in stem (Fig. 

15a-d) and root (Fig. 15e-h), but not in leaf (Fig. 15i-l). Fructan concentration was lower in 

30°C than at 20°C (Fig. 15d, h & l), but soluble sugar concentration was either similar or 

lower at 20°C than at 30°C (Fig. 15a & b, e & f and i & j); this might be due to decreased 

growth potential at 30°C (Fig. 18 & Fig. 19), which led to accumulation of soluble sugars and 

was failure of fructan synthesis (Fig. 15d, h & l). This was consistent with the result that 

biomass accumulation was slower in plants submerged at 30°C (Fig. 18 & Fig. 19). 

Respiration rate was high during the recovery period, and was much faster in plants which 

recovered from plants previously submerged at lower water temperature (Fig. 17). Biomass 

accumulation was faster in the lower water temperature treatments (Fig. 18 & Fig. 19).  

 

Our results clearly indicated that low water temperature benefited submerged plants with 

higher survival rate or faster recovery. How did this happen? Since water temperature 

influences oxygen dissolvability in water, the water temperature effects might be caused by 

various levels of plant aeration at different water temperatures. Gas exchange, especially that 

of oxygen is critical for submergence tolerance (Voesenek et al., 2006). As measured, air 

saturated oxygen concentration increased with decreasing water temperature (Table 4 & Table 

7) and the plants submerged at lower water temperature could benefit from the higher water 

oxygen concentration. But this situation only occurs when the submerged plants are indeed 

oxygen limited. This oxygen shortage is unlikely to happen if water is air saturated. For 

example, in air-saturated water internal oxygen pressure in the petioles of submerged Rumex 

palustris plants were well above the critical oxygen pressure for aerobic respiration (Mommer 

et al., 2004). Furthermore, if oxygen supply is limiting, respiration rate should decrease with 

increasing water temperature together with decreasing water oxygen concentration. In 
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previous studies, higher water oxygen concentration usually led to faster respiration rate and 

carbohydrate utilization under flooding conditions (Atwell & Greenway, 1987; Botelho & 

Heuvel, 2005; Yoshida & Eguchi, 1994). However this was not the case in my experiments. 

In the submergence conditions in my studies (Chapter 3), water was frequently changed or air 

bubbled, so the oxygen supply would be sufficient, and a shortage of oxygen for the 

submerged plants was very unlikely to happen. This was further validated by the trend of 

respiration rate in response to different water temperature. In submerged A. philoxeroides 

plants, respiration rate decreased with lower water temperature together with increasing 

oxygen concentration (Fig. 17); correspondingly, the higher water temperature accompanied 

by lower water oxygen concentration led to lower carbohydrate level (Fig. 15), except for leaf 

starch concentration (Fig. 16). This indicated that the air-saturated oxygen concentrations at 

the three water temperatures were not limiting respiration rate; water temperature itself rather 

than oxygen concentration was the driving force. The results were consistent with Van Eck et 

al. (2005), who found that the carbohydrate concentration and biomass loss in submerged 

Rumex acetosa plants responded to water temperature rather than water oxygen concentration. 

All the results strongly supported the idea that the observed difference of submergence 

tolerance was the effect of water temperature itself, rather than the accompanying effects of 

oxygen concentration. At lower temperature, metabolism rate would be lower and less energy 

supply by lower respiration rate is demanded, which may lead to high carbohydrate status and 

high energy charge. Therefore this higher tolerance is the consequence of lower respiration 

rate and higher carbohydrate level at lower water temperature.  

 

Water temperature not only affects the rate of carbohydrate metabolism, it may affect some 

other essential processes during submergence. One is the ability to improve internal aeration. 

Higher water temperature may accelerate the senescence of functioning tissues. Leaf lamina is 

a most important medium for oxygen uptake when plants are submerged (Mommer et al., 

2004).  We observed substantial leaf loss during submergence in A. anomala plants (Fig. 7 & 

Fig. 9) and S. variegata plants (Fig. 7). In submerged A. anomala plants, leaf senescence 

occurred earlier at higher temperature (Fig. 9). When leaves were lost, the surface for gas 

exchange between plants and water would be reduced. Therefore, this difference in leaf loss 

may result in a different extent of internal aeration, especially for the roots. Another important 

aspect is soil respiration. Even though the water was air-saturated, the oxygen diffusion into 

soil can be impeded. At the same time, higher water temperature resulted in higher soil 

respiration, which could consume more oxygen. It was likely that at high water temperature, 
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roots may experience lower oxygen supply rate than at low water temperature. But how this 

possible different extent of root aeration would influence carbohydrate metabolism remained 

unclear. If the oxygen concentration dropped below critical level, the glycolysis in roots may 

be accelerated and lead to faster carbohydrate consumption (Drew, 1997).  

 

Besides internal aeration, water temperature would directly influence underwater growth. 

Crawford (2003) suggested that strategies of winter flooding can be quite different from that 

of summer flooding. In summer, brief periods of accelerated anaerobic metabolism can 

alleviate energy shortage while improved aeration tissues develop. Some tolerant species are 

capable of fast shoot elongation upon submergence which enables the plants to grow closer to 

the water surface where oxygen concentration is higher or further grow out of water (Jackson, 

2008). This is observed in A. philoxeroides plants upon submergence (Wang et al., 2008; Fig. 

20). In submerged A. philoxeroides plants, shoot elongation was faster with increasing water 

temperature; at low water temperature of 10°C, it was almost inhibited (Fig. 20a). The 

beneficial effects of shoot contact with free air on biomass accumulation were larger (Fig. 

21), indicating a preferred escape strategy with high water temperature. Consistent with these 

results, we notice that species which process the ability to accommodate water rise are 

distributed in tropical or in temperate regions, where the temperature is high enough. 

Examples are deep water rice plants and Rumex species (Kende et al., 1998; Bailey-Serres & 

Voesenek, 2008). However, shoot elongation occurred at the cost of more energy 

consumption (Groeneveld & Voesenek, 2003). In some rice cultivars, the cultivars with less 

elongation of their shoots, and more carbohydrate reserve, had a higher survival rate of 

submergence (Das et al., 2005). Therefore, shoot elongation is only beneficial when the water 

depth is beyond the ability of shoot elongation (Voesenek et al., 2004; Pierik et al., 2009) 

which perhaps depends on the size of the carbohydrate pool.    

 

4.3 Pre-darkness effects 

 

We observed that 10 days of pre-darkness treatment significantly lowered down the 

carbohydrate level in A. anomala plants; with this pre-darkness treatment, the carbohydrate 

level (Fig. 13) and survival rate (Table 5) after 60 days of submergence was lower than the 

plants without pre-darkness. These suggested that the carbohydrate level might be more 

limiting in pre-darkness treated plants. A study on rice plants showed that pre-darkness 

reduced concentration of chlorophyll, carbohydrate concentration and the biomass 
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accumulation and consequent lower survival rate; the adverse effects of pre-darkness on 

survival increased with increasing darkness duration (Sarkar, 1997). Darkness inhibits plant 

growth and hinders development. These changes of developmental stage can influence 

flooding tolerance. In three Rumex species mature plants showed a higher survival rate than 

juvenile plants (Nabben et al., 1999); this difference of survival rate might be the results of 

higher carbohydrate level in mature plants. In maize plants, due to the lack of a mechanism of 

sugar mobilization, 3-day old seedlings showed lower survival rates compared to 2-day old 

seedlings (Vantoai et al., 1995). Contrary to pre-darkness treatments, fertilization, which 

accelerated growth and carbohydrate accumulation, increased the submergence survival of 

rice plants, perhaps due to developmental stage effects (Sarkar, 1997). In this study, the 

developmental stage was the same between the submerged plants with or without 

submergence; only the concentration of carbohydrate was manipulated, therefore the pre-

darkness effects only indicated the effects of carbohydrate, but not the effects of 

developmental stage of submerged plants.  

 

4.4 Is carbohydrate utilization under darkness conditions only a matter of carbon 

starvation? 

 

Considering low light level under submergence conditions, it would be reasonable to assume 

low light and submergence would induce similar shade responses. Indeed, both shade and 

submergence seemed to induce responses that increased light harvesting, reduced diffusion 

resistance of gas exchange and photosynthesis efficiency in two Rumex species (Mommer et 

al., 2005a); the down-stream parts of shade-and submergence-induced signaling cascades may 

demonstrate a high degree of similarity (Pierik et al., 2005).  

 

Nevertheless, it was very likely that the most essential effect of both conditions is greatly 

reduced carbon assimilation, the ultimate energy supply for metabolism. Responses to sugar 

starvation by prolonged darkness or in detached roots have been well characterized in some 

species. Even small changes of the carbon status could induce changes of global transcript 

levels (Baysdorfer et al., 1988; Usadel et al., 2008; Devaux et al., 2003.). These mainly 

include depressing metabolism and degrading major carbon reserve (Usadel et al., 2008). 

Perhaps due to lower cost of utilization, carbohydrate was more favorably utilized in the 

earlier stage of sugar starvation, followed by degradation of lipids and proteins (Baysdorfer et 

al., 1988; Brouquisse et al., 1991; Dieuaide-Noubhani et al., 1997; Devaux et al., 2003.). 
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Under darkness conditions, plants suffer severe shortage of external energy supply and 

prolonged darkness treatments can lead to death caused by carbon starvation (Baysdorfer et 

al., 1988). This may occur for forest understory seedlings which can suffer from carbon 

starvation due to low levels of photosynthesis assimilation. It was found that in seven 

neotropical plant species shade-tolerance was positively associated with carbohydrate pool 

size (Myers & Kitajima, 2007). Coming back to submergence,  if survival of submergence is a 

matter of energy starvation, submergence would induce the very similar carbohydrate 

dynamics like those plants deprived of photosynthesis, e.g. in complete darkness.  

 

In A. anomala plants, prolonged submergence and darkness continuously decreased the 

concentration in all carbohydrate (Fig. 14). The extent of reduction did not differ significantly 

between these two treatments, with one exception for the starch in stems (Fig. 14b). In the 

stems, starch concentration was slightly but significantly higher in submerged plants than in 

darkness-treated plants (Fig. 14b). This difference of starch concentration could be due to the 

different starch degradation capacity, mainly the amylase activity in the treatments. Despite 

this higher starch concentration in stems in submerged A. anomola plants, both 50 days of 

stress treatment caused similar mortality (Table 6). These results suggested that in this study, 

stem starch concentration might not be a critical factor in survival of darkness or 

submergence, soluble sugar may be more important.  

 

In A. philoxeroides plants, both submergence and darkness treatments remarkably lowered 

carbohydrate concentration level (Fig. 22 & Fig. 23) and respiration rate level (Fig. 24) to 

almost the same extent and carbohydrate reserve was almost depleted in both treatments just 

before they were allowed to recover (Fig. 22 & Fig. 23). The respiration rate of whole plants 

was a little higher in darkness (Fig. 24). These results suggested that in 10 days of 

submergence treatments in A. philoxeroides plants, responses of carbohydrate reserve 

mobilization and utilization were at least part of the responses to darkness. After 10 days of 

stress of darkness or submergence, the plants could initiate recovery in 3 days by fast 

accumulation of carbohydrate (Fig. 22 & Fig. 23); biomass was significantly increased after 6 

days of recovery (Table 8). Carbohydrate reserve plays an important role in recovery growth 

after defoliation by fire in some shrub species (Bowen & Pate, 1993; Sakai & Sakai, 1998) 

and by grazing in temperate grass species (White, 1973; Lee et al., 2009). It was proposed 

that carbohydrate reserve could play an important role in recovery from darkness or 

submergence. However, the carbohydrate availability was equally depleted in submerged and 
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darkness treated plants. Therefore recovery from 10 days of darkness or submergence may not 

depend on only carbohydrate reserve as we assumed before. After defoliation, other carbon 

reserve, excluding carbohydrate, like proteins play a very important role in recovery growth 

of perennial ryegrass (Ourry et al., 1988). Under prolonged darkness conditions, after sugars 

were depleted, lipids and proteins became the only substrates for respiration in excised root 

tips (Brouquisse et al., 1991). This could the case in the studied A. philoxeroides plants. This 

idea was supported by the fact that most sugars, fructans  and starch were almost depleted 

(Fig. 22 & Fig. 23) after 4 days of the two stress treatments but respiration rate was still at a 

high level at day 4 (Fig. 24). These results indicated that in this later stage, respiration activity 

could be predominately maintaining by other carbon reserve, such as proteins. Submerged 

plants A. philoxeroides recovered much faster than darkness-treated plants, with faster 

carbohydrate (Fig. 22) and biomass accumulation (Table 8), but not for leaf starch 

concentration (Fig. 23). As just mentioned, this could be due to maintained more carbon 

reserve (excluding carbohydrate) in submerged plants, because respiration rate was lower in 

submerged plants than darkness treated plants (Fig. 24 & Fig. 25).  

 

Another possibility is that recovery from submergence might depend more on current 

photosynthesis performance while less on maintained carbon reserve. Stress-tolerant species 

usually maintain the high potentials for post-stress photosynthesis capacity. Sarkar et al. 

(1996) found that the tolerant rice cultivars could maintain more chlorophyll than the 

intolerant ones. In a carbon starvation-tolerant species, pearl millet, chloroplasts and other 

ultrastructures were maintained after 8 days darkness, despite a high rate of carbohydrate 

degradation (Baysdorfer et al. 1988). Another study on A. philoxeroides plants indicated that 

photosynthetic acclimation was important for post-submergence recovery of photosynthesis 

and growth (Luo et al., 2009). Submerged plants maintained more green leaves and higher 

leaf chlorophyll concentration than darkness treated plants (Table 8). This could contribute to 

a faster carbon assimilation and accumulation at whole plant level.  

 

The results that submerged plants recovered more quickly than darkness treated plants were 

not in accordance with  the findings of Luo et al. (2009), who reported that in submerged A. 

philoxeroides plants (in darkness) recovered more slowly than shaded plants (without 

submergence). The cause of these different results could be the different experiment setup: in 

my experiment, the concentration of oxygen in water was higher (296 µmol/L, air saturated at 

20°C) than in their submerged treatments (219µmol/L); the darkness treatment prevented any 
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illumination and no photosynthesis could be made. The plants in the darkness treatment might 

be more carbon-starved while the plants in submergence treatments were not anoxia-stressed. 

Indeed, we found little differences of carbohydrates concentration between submerged plants 

and darkness treated plants of both species.  

 

4.5 The association between the responses of carbohydrate dynamics with submergence 

tolerance 

 

It should be kept in mind that although the three species are all submergence- tolerant, the 

three species are from three very different plant families (A. anomala from Poaceae, S. 

variegata from Salicaceae and A. philoxeroides from Amaranthacae). The carbon storage 

strateges in these three species are quite different from each other. S. variegata, a willow 

shrub, can have the advantage of a large storage of carbohydrate in the woody stems and 

coarse roots. The carbohydrate can be mobilized and transported to roots when submerged 

and to support new leaf formation when flood water recedes. The small leaf (0.6 ×2cm) needs 

few resources to construct, compared to its large plant size (up to 2m height). These leaves are 

shed if submergence is prolonged and new aquatic leaves are formed with improved gas 

exchange capacity (personal observation). In contrast A. anomala is a much lower clonal 

grass species with very low carbohydrate concentration in roots but high in stems. It is not 

clear whether carbohydrate can be translocated from stems to roots or whether roots have a 

low demand of carbohydrate. Contrary to S. variegata plants, A. anomala plants can retain 

most of its leaves submerged for longer period. A. philoxeroides is a herb and it stores most of 

carbohydrate (mainly fructans) in stems and roots. This species also lose old leaves quickly 

but does not produce new leaves if submerged. It is the only species of the three which 

elongate shoots quickly in response to submergence. The habit of fast shoot elongation 

enables contact with free air and escape from complete submergence and therefore makes the 

plants very tolerant of long but shallow water flooding. However, this shoot elongation will 

be almost inhibited at low temperature, e. g. 10°C (Fig. 20a). Therefore it will not become an 

advantage in the new flooding regimes.  

 

Despite the diverse growth form and habits, carbon starvation is a common problem for these 

species when submerged. We try to discover what these species have in common, with regard 

to carbohydrate concentration dynamics.  
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Table 9. Carbon utilization rates of different species exposed to anoxia or submergence conditions at room 

temperature (percent/day, the percent of reduction of carbohydrate concentration mg·g-1 biomass) to the initial 

value at day 0, averaged by duration of treatments)  

 

 

 

First, carbohydrate reserve was substantially mobilized in all submerged plants in my studies. 

This suggested that the submerged plants have to depend on mobilization of carbohydrate 

reserve to cope with carbon starvation. S. variegata, A. anomala and A. philoxeroides plants 

were capable of mobilizing their carbohydrate reserve when submerged in various conditions 

(Chapter 3). In submerged A. philoxeroides plants, the mobilization of fructan can start as 

early as two days of submergence (Chapter 3, Fig. 15). In A. anomala and A. philoxeroides 

plants, even when the water temperature was as low as 10°C, carbohydrate concentration, 

especially starch or fructan concentration, the major carbohydrate reserve, decreased with 

increasing submergence duration, suggesting a low but essential level energy requirement 

(Fig. 10 & Fig. 15). The mobilization of carbohydrate could be maintained for a long period, 

depending on the initial carbohydrate concentration. In stems of S. variegata and A. anomala, 

which had high levels of carbohydrate concentration, the decrease of carbohydrate 

concentration can last for several months (Fig. 7). Several factors ensured the carbohydrate 

mobilization.  As discussed before, under the submergence conditions in these studies, 

oxygen supply was not limiting and substantial carbohydrate utilization seemed to be ensured 

by this unlimited oxygen supply. First, the continuous air bubbling increased dissolved 

oxygen concentration in the water; second, the three plants species could uptake oxygen from 

water either via leaf and or adventitious roots (personal observation); third, aerenchyma could 

Species  Anoxia/ flooding tolerance Utilization rate  Literatue  

Arundinella anomala high 1.2–1.3 in  Chapter 3 

Salix variegata hiigh  < 0.48 in  Chapter  3 

Acorus calamus high 100 Schlüter & Crawford, 2001 

Scirpus maritumus high 0.5 Barclay & Crawford, 1983 

 Phlaris arundinacea                                                                     medium 0.6 Barclay & Crawford, 1983 

Iris pseudacorus medium  1.4 Schlüter & Crawford, 2001 

Oryza  sativa  low to medium  2.5–10.1 Singh et al., 2001 

Glyceria maxima  low  11.4 Barclay & Crawford, 1983 

Triticum aestivum  very low  9.1 Mustroph & Albrecht, 2003 

Zea mays very low  15.6 Mustroph & Albrecht, 2003 
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be developed in these species in response to submergence (Chen et al., 2007b; Zhang et al., 

2008). Furthermore, high amylase activity was observed in A. anomala plants even after 60 

days submergence (personal communication, Dian Liu 2007, Master work, Southwest China 

University). All these characteristics may contribute to carbohydrate reserve mobilization. If a 

high energy charge is critical for submergence tolerance, the high submergence tolerance 

might be explained by their ability to sustain ATP production which is fueled by carbohydrate 

mobilization. For example, the ability to mobilize starch was recorded in some submergence 

tolerant species or tissues, such as stems of rice (Raskin & Kende, 1984) and taproots of 

Rumex palustris (Groeneveld & Voesenek, 2003), while intolerant species Daucus carota 

seemed not to mobilize starch (van Eck et al., 2005). The substantial carbohydrate utilization 

sustains ATP production and therefore supports the long-term submergence tolerance. 

Carbohydrate mobilization in response to submergence in these three species in our studies 

could be a very important factor in their extremely long-term submergence tolerance.  

 

 In submerged S. variegata and A. anomala plants, the carbohydrate utilization continued for 

a long period (Chapter 3), suggested that it was strictly controlled. Utilization of carbohydrate 

was slow in submerged A. anomala and S.variegata plants, compared with some species with  

a different tolerance of submergence or anoxia (Table 9), if considering the time scale of the 

treatments. In submerged plants A.anomala the net reduction of soluble sugar was as low as 

0.12–0.71 mg · g-1 ry mass (DM) per day, while for starch it was 0.7–2.4 mg · g-1 DM per day 

(Fig. 7 & Fig. 10), depending on tissue. In the submerged Salix variegata plants, the net 

reduction of total soluble sugar concentration was less than 0.9 mg · g-1 DM (Fig.3) and for 

starch it was less than 2.1mg · g-1 DM (data not shown). The slow consumption of 

carbohydrate reserve could be due to inhibited growth or restricted metabolism. We did not 

observe any remarkable growth in submerged A. anomala plants; no new leaves 

wereproduced, contrasting to some other tolerant riparian species which still develop new 

aquatic leaves in water (Mommer & Visser, 2005b), and with this energy saving strategy A. 

anomala can tolerate prolonged submergence. The oxygen supply could be sufficient enough 

that no acceleration of glycolysis, or luxury carbohydrate consumption, may ever occur 

during the submergence period.  

 

Submerged A. philoxeroides plants had a very high carbohydrate utilization rate at water 

temperature of 20°C in the whole plants (30-100mg · g-1 dry mass · d-1 in stem, 10-40 mg · g-1 

dry mass · d-1 in root and 5-10 mg · g-1 dry mass · d-1 in leaf, Fig. 15 & Fig. 22). Except for its  
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high maintenance requirements, part of the high energy requirements might be driven by fast 

shoot elongation.  This fast carbohydrate utilization pattern may deplete the carbohydrate pool 

very quickly. However, 50% survival rate after 6 months was still observed in another study 

(Wang et al., 2008). As suggested earlier, in A. philoxeroides plants, other carbon reserve 

besides carbohydrate, such as protein and lipids, may be mobilized and contribute to the high 

survival rate of prolonged submergence.  

 

Considering the highly variable flooding regimes in nature, like flooding timing, duration and 

water depth, the metabolism must be highly flexible accordingly. The extent to use 

carbohydrate at low water temperature can be used as an indicator for the extent of down 

regulation of metabolism; this ability reflects the sensitivity of a given species to low water 

temperature submergence. Species differ greatly in their sensitivity to submergence (Van Eck 

et al., 2006) or anoxia conditions (Barclay & Crawford, 1982) at low temperature. Lower 

temperature mostly improves tolerance of anoxia related stress; this trend tends to be 

universal, however, the magnitudes may differ. Those species which can acclimate to high 

temperature successfully probably have little potential for further metabolism down regulation 

at lower water temperature. Rumex crispus had a conservative carbohydrate use at both low 

and high water temperatures; Rumex acetosa had a high rate of carbohydrate respiration rate 

in warm water but this rate slowed down at lower temperatures; species which lack a 

physiological mechanism for accessing carbohydrate reserve when submerged, like Daucus 

carota which was unable to access its reserve carbohydrate from taproots and therefore could 

not benefit from cold water temperature (van Eck et al., 2005). A. anomala and A. 

philoxeroides plants responded to lower water temperature with enhanced tolerance, 

suggesting an incomplete down regulation of metabolism and further potential of acclimation 

at lower water temperature. It might be that under natural flooding conditions, the duration is 

usually short (only 1-2 weeks); survival does not demand that the metabolism level reaches a 

very lower level. A similar phenomenon occurred in several rice cultivars which tolerated 

relatively short period of submergence (maximum 1-2 weeks). In these submerged plants, 

carbohydrate reserve was readily utilized and the survival rate even responded to a very 

narrow water temperature range (29.0-31.5°C). Nevertheless, the water temperature 

sensitivity of A. anomala plants was low if compared with other flooding tolerant species. 

Summer flooding tolerant species Elytrigia repens and Rumex crispus almost died at 18-20°C, 

but all survived at water temperature of 5-10°C, when submerged for 60 days (Fig. 26, van 

Eck et al., 2006). In contrast, submerged A. anomala plants had a 40% survival rate at 20°C  



 

67 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 26.  Relationship between flooding duration and survival rate of 10 river floodplain grassland species in 

simulated winter (5-10°C, closed symbol) and simulated summer floods(18-20°C, open symbol). N = 12. Quoted 

from Van Eck et al. (2006). 
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and100% survival rate at 10°C after 60 days of submergence. In A. philoxeroides plants, the 

respiration rate was no longer different among the three water temperature treatments after 10 

days of submergence; the biomass loss during submergence and accumulation during 

recovery did not differ greatly. Therefore, it can be proposed that the three species in our 

study which are already very tolerant of summer flooding, may respond less to lower water 

temperature than other less tolerant species because of their existing low metabolism level 

upon summer flooding with  higher water temperature.   

Short-term tolerance and long-term tolerance demand different responses. Mostly crops can 

respond to short-tem anoxia by acceleration of glycolysis to alleviate energy crisis, however 

they failed to survive after prolonged stress. High glycolysis rate would lead to an early 

depletion of carbohydrate reserve. The paradox for energy crisis and long-term submergence 

tolerance indicates acclimation processes are highly important. Loreti et al. (2003) proposed a 

novel mechanism of metabolic flux control. In rice grains under anoxia, the α-amylase gene 

was modulated by sugar concentration; it was only induced when sugar concentration was 

below a threshold value. This might explain how carbohydrate reservation and consumption 

are coordinated. Furthermore, considering the injures occurred from accumulation toxic by-

products of glycolysis-fermentation under anoxia, Fukao & Bailey-Serres (2004) proposed a 

model that activation and inactivation of a Rho-of plant /ROp) G- proteins by negative–

feedback regulation, providing tolerance to oxygen deficiency through management of 

carbohydrate consumption and avoidance of oxidative stress. 
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Chapter 5 Conclusions  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                              Fig. 27.  Factors that affect flood tolerance of riverside species  
 

 

Plant flooding tolerance depends on inherent tolerance as well as external flooding conditions 

(Fig. 27). Plant species from riverside which are more frequently flooded tend to more 

tolerant than dry land species. Consistent with this fact, high tolerance and substantial 

carbohydrate utilization in response to long-term submergence were observed in the three 

riverside plant species. The long-term submergence tolerance of S. variegata and A. anomala 

included adaptive processes, which were characterized by down reguation of the metabolism 

and economic utilization of carbohydrate reserve. A. philoxeroides plants were characterized 

by a fast utilization of the carbohydrate pool and fast shoot elongation, giving high tolerance 

to shallow submergence.  

 

The inherent tolerance can be altered by different flooding regimes. Prolonged submergence 

in the Three Gorges Reservoir will decrease tolerance of those plants which occupied habitats 

with a lower position on the flood gradient, because of deeper and longer duration of 

submergence. Longer submergence will lead to more consumption of carbohydrate reserve 

and reduce the chance of survival, for all the three species studied. The high water fluctuation 

(max. 30 m) in the Three Gorges reservoir in winter does not favor the shoot elongation of A. 

philoxeroides plants, which will be restricted to locations of shallow water. No studies have 

Flood Water 
depth  

Flooding 
duration  water 

temperature   
Plant 
phenology 

water [O2] 
 

Flooding 
season    

Inherent  
tolerance   

Distance to the Reservoir or 
rivers      

Survival   Recovery growth  



 

70 
 

shown up to now that under complete submergence conditions, water depth would have 

significant effects on plant tolerance, although the water pressure increase with water depth. 

Therefore, S. variegata and A. anomala plants seem not to be limited by water depth and 

could be tolerant of the future deep water submergence. Flooding season will shift in the new 

Three Gorges reservoir flooding regimes, from summer to winter. Consequently, water 

temperature will decrease dramatically when flooding occurs. It was shown in my study that 

water temperature imposed large impacts on flooding tolerance. The carbohydrate utilization 

acclimation to low water temperature, as indicated by lower respiration rate and higher 

carbohydrate level, could explain the higher survival rate or faster recovery. It suggests that 

the short periods of submergence at ambient water temperature (about 20°C), which 

frequently occurs in nature, only partially downregulated metabolism of submerged A. 

anomala plants and A. philoxeroides plants. It can be further down regulated at lower water 

temperature, which results in higher submergence tolerance. Therefore it is very likely that 

these species will have better performance in the future winter flooding regimes of Three 

Gorges reservoir. However, for tolerant species, it is possible that the extent of metabolism 

down regulation in response to submergence at medium water temperature (about 20°C) is 

already much larger than less tolerant species. Therefore, the enhancement of submergence 

tolerance by lower water temperature would be larger for less tolerant species than for species 

that are more tolerant. This might consequently alter the vegetation structure in the water 

fluctuation zone in the coming future. Other than this direct water temperature effects on 

carbohydrate metabolism, water temperature changes the air saturated oxygen concentration 

in water, this might also influences responses to different seasonal flooding, although a 

previous study did not found  significant effects of water oxygen concentration on flooding 

tolerance. Furthermore, plant phenology stage may be also involved in flooding tolerance, 

which will be studied in future work.  
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