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Upon submergence, the availability of O2 from the atmosphere strongly declines 
and plants mostly rely on O2 from the water column. As a primary resource for 
plants, the decreased availability of O2 has profound effects on the performance of 
plants during flooding, impacting plant growth, survival and the underlying plant 
traits related to adventitious roots, aerenchyma and consumption of non-structural 
carbohydrates. However, while there is ample literature on the formation of 
adventitious roots and aerenchyma upon submergence, the literature on possible 
oxygen uptake of adventitious roots from the water column is anecdotal, without 
any direct empirical evidence. Also, there are few studies on the function of 
compartmented pith cavities of terrestrial plants, on the effects of the size of 
individual aerenchyma channel in adventitious roots, and on the effect of water 
pressure, dissolved oxygen, light regimes and their interaction on plant growth and 
survival under submergence conditions. It  is in these areas that my thesis has 
made a novel contribution.  

Knowledge on these potentially adaptive features of plants is particularly urgent in 
light of the anticipated global changes in hydrological regimes including flooding 
frequency and intensity this century. Therefore, the aims of this thesis were to (1)  
investigate the traits related to oxygen uptake and transport of terrestrial plants, 
here represented by the model species A. philoxeroides, upon different 
submergence regimes, especially of traits related to aerenchyma and adventitious 
roots, and (2) the subsequent influences or benefits of these responses to the 
growth and survival of the same plants. Below I will summarize and synthesize 
my findings, in an effort to achieve these aims by focusing on trait responses, as a 
way to evaluate plant responses, to submergence and low oxygen availability. I 
will also briefly discuss priorities for follow-up investigations. 

Plant traits under submergence  

Species traits that allow individual species to respond to the environment 
(response traits) and traits that determine species′ effects on ecosystem processes 
(effect traits) are both important in determining the impact of environmental 
change on ecosystem processes (Lavorel & Garnier, 2002; Naeem & Wright, 
2003; Engelhardt, 2006). In this thesis, our model species, A. philoxeroides, 
featured beneficial (response) traits and trait adjustments to deal with the low 
oxygen conditions induced by submergence, while it also exhibited (effect) traits 
by which it may modify its own flooded environment. These traits, and their 
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possible connections and feedbacks (Figure 1) will be discussed in more detail 
below:  

A. Response traits 
 

a. Formation of adventitious roots and its role: The formation of adventitious 
roots is a common response of  many flooding tolerant species (Etherington, 
1984; Naidoo & Naidoo, 1992; Rich et al., 2008; 2012). Our model species 
also produced a number of adventitious roots on submerged nodes both under 
partial submergence (Chapter 2 and 4) and under complete submergence 
(Chapter 3 and 5). Flooding often results in complete or near complete loss 
of sediment roots (Sauter, 2013), the adventitious roots produced during 
submergence usually compensate the functions of lost sediment roots. A 
previous study already suggested that adventitious roots provide water and 
nutrients to submerged plants instead of the original sediment roots. In 
chapter 3 it was demonstrated, for the first time, that adventitious roots can 
absorb oxygen from the water column, which subsequently improves the 
oxygen status in plants tissues. In plants that had an experimental blockage of 
the pathway for air transport produced more adventitious roots than the plants 
without such blocking treatment (Chapter 2). The discontinuous aerenchyma 
in stems of our study species can transport oxygen from the air to the 
submerged parts of plants, probably to the sediment roots in soil; and it may 
improve the oxygen status of the rhizosphere. Consequently, sediment roots of 
partially submerged plants may not have completely lost their functions, still 
being able to take up nutrient. Under this situation, plants produced less 
adventitious roots to compensate the original roots than plants which had the 
oxygen pathway in their stems experimentally blocked. In chapter 4, plant 
cuttings were used in partial submergence experiments, and these cuttings 
produced adventitious roots on submerged nodes. The production of 
adventitious roots was highly dependent on the concentration of dissolved 
oxygen in the water column. Plants under higher dissolved oxygen produced 
more adventitious roots. The reasons for this phenomenon were that the 
formation of adventitious roots always requires energy for cell division, and 
that more oxygen in plant tissues enables more energy production, which is 
beneficial for adventitious root formation. Therefore, plants under high 
dissolved oxygen produced more adventitious roots (Chapter 4). Moreover, 
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not only does the concentration of dissolved oxygen in the water column affect 
the production of adventitious roots, but it also the dimensions of individual 
aerenchyma channel in adventitious roots. Under low oxygen conditions, 
plants increase the diameter of each individual aerenchyma channel in 
adventitious roots, which helps to efficiently transport the oxygen from the 
water column to other tissues, thereby improving the growth of submerged 
plants (Chapter 4). Under complete submergence, plants also produced 
adventitious roots, and the production of adventitious roots was also affected 
by the concentration of dissolved oxygen in the water column (Chapter 5). 
Under complete submergence, there was no oxygen supply from atmosphere 
to plants. It is difficult for hypoxia- stressed sediment roots to take up nutrients 
and water, so plants would need adventitious roots to replace the sediment 
roots to take up nutrients and water and, at the same time, to take up dissolved 
oxygen.  
 

b. Oxygen transport through solid low - porosity stem nodes: Aerenchyma 
usually provides a low-resistance pathway for long-distance gas transport 
along plant organs (van Bodegom et al., 2001; Voesenek et al., 2006). The 
plant species studied in this thesis has highly developed pity cavity in its stem, 
which is interrupted by thick nodal diaphragms at each node. Rich et al. 
(2013) stated (using Meionectes brownii as a model species) that shoot 
atmospheric contact was of little importance to aeration of submerged stem 
nodes and that the conductance through stem nodes was low despite many 
lacunae present in the nodes. However, in chapter 2 a novel technique was 
applied and revealed the opposite: the discontinuous aerenchyma in the stem 
of Alternanthera philoxeroides still can transport oxygen from the air to the 
submerged parts of the plants, and the transported oxygen affected the 
performance of partially submerged plants. The plant growth and production 
of adventitious root were all promoted by this trait of submerged plants. In 
chapter 5, high water pressure largely inhibited the stem elongation and 
growth of adventitious roots. The main reason was probably that high pressure 
decreased the volume of aerenchyma in the stem; even if the leaves produced 
substantial oxygen by photosynthesis or absorbed dissolved oxygen from the 
water column, it was probably difficult to transport oxygen to lower parts (e.g. 
the root system) by the stem aerenchyma. Hence, the presence of aerenchyma 
in stems is essential to improve the flooding tolerance of terrestrial plants, 
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even in species in which the aerenchyma is interrupted by thick nodal 
diaphragms at each node.  
 

c. Shoot elongation: Several plant species from wetland environments show 
dramatic changes in shoot growth when submerged completely (Voesenek et 
al., 2006). The fast elongation of shoots allows contact through a ‘‘snorkel’’ 
(often leaf blades) with the atmosphere to reestablish gas exchange (Kende et 
al., 1998; Voesenek et al., 2004). In chapter 5, we found that Alternanthera 
philoxeroides also showed a fast growth of stem under complete submergence, 
even at dark conditions, which indicated that it applied shoot elongation to 
cope with oxygen stress underwater. However, this doesn’t mean this species 
has this trait under any submerged condition. In chapter 3, when plants were 
under complete submergence in the dark, they didn’t show fast stem 
elongation. This is because shoot elongation underwater requires energy and 
carbohydrates for cell division and the synthesis of new cell-wall material 
(Setter & Laureles, 1996; Voesenek et al., 2006). Plants under dark submerged 
conditions have to use the carbohydrates in tissues that were stored in plants 
before submergence, since there is no compensatory energy or carbohydrates 
from photosynthesis. In this thesis, the plants used in chapter 3 had a lower 
initial total biomass compared to plants used in chapter 5. Hence, it seems 
likely that the plants in chapter 3 did not show fast shoot elongation in order 
to save the limited carbohydrate storage for use by cell respiration to prolong 
the survival under water.  
 

B. Effect traits 
 

a. Radial oxygen loss from roots: In flooding tolerant plants, a well-developed 
aerenchyma is essential for oxygen transport through plants. High porosity 
greatly facilitates the transport of oxygen to the sediment roots. In addition, 
many flooding tolerant species form a barrier to radial O2 loss (ROL) in basal 
zones of roots, which prevents the oxygen losses to the surrounding anoxic 
soil (Visser et al., 2000; Colmer, 2003). However, some species, such as 
Phragmites, still have strong ROL from roots and rhizome into the soil, since 
this species has no need for oxygen conservation thanks to its convective gas 
flow mechanism. ROL increases when the shoot is connected to the 
atmosphere, and decreases when shoots are completely submerged (Armstrong 
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et al., 2006). In this thesis, we found that our study species can transport the 
oxygen through stem nodes and adventitious roots which implies that this 
species has a high capability to take up oxygen from its surrounding 
environment. Vice versa, this also suggests that our species lacks a barrier for 
ROL and the ROL may be high. However, we suggest the ROL of completed 
submerged A. philoxeroides is lower than that of partially submerged plants, 
because the O2 sources for completely submerged plants only depend on entry 
from the water column and/or underwater photosynthesis, without O2 supply 
from atmosphere. 
 

b. Reduced soil anoxic conditions: Owing to the greatly altered availability of 
oxygen, electrochemical changes also occur in water-saturated soil; CO2, 

ethylene (C2H4) and reduced elements, such as Mn2+, Fe2+, S2- and carboxylic 
acids can increase in anoxic soil and accumulate to toxic levels. Accumulated 
reduced compounds may impose “acid loads” on cells of roots and result in 
harmful effects on roots and shoots (Colmer & Voesenek, 2009). Additionally, 
the reduction of NO3

- results in a phase change, transforming available N into 
various gaseous forms (i.e. N2, N2O, and NO2) which can escape from the soil 
environment resulting in potential N depletion (Unger et al., 2009). However, 
the ROL from roots to soil will highly decrease the accumulation of reduced 
components in soil. As discussed above, our study species is likely to have 
strong ROL under partial submergence. As a result, the concentration of 
reduced components will likely be greatly decreased too, protecting sediment 
roots from damage. Under complete submergence, the ROL from roots will 
decrease (as discussed above), then  more reduced components will be 
accumulated in soil, potentially leading to more toxic damage occurring to 
roots and shoots.  

Oxygen cycling in flooding-prone ecosystems  

The response traits and effect traits mentioned above, and changes therein, must 
have consequences for oxygen cycling in flooded environments. These biotic 
factors are likely to interact with abiotic factors that may vary strongly in flooded 
environments: While the main source of dissolved O2 in water is the diffusion 
from the atmosphere, the concentration of dissolved oxygen is affected by water 
temperature, atmospheric pressure and salinity. Dissolved oxygen concentrations 
are higher in cold water than in warm water. Water also holds more dissolved 
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oxygen at lower elevations because there is more pressure. Solubility of dissolved 
oxygen also increases as salinity decreases in water (Yin et al., 2004). Among the 
biotic factors, some traits of plants (e.g. the underwater photosynthesis, and ROL 
from roots) contribute to the concentration of dissolved oxygen in the water 
column (as discussed above). Vice versa, the content of dissolved oxygen in the 
water column also is affected by particular traits of submerged plants, e.g. the 
amount of oxygen taken up by acclimated leaves, adventitious roots and sediment 
roots potentially causing a decline in dissolved oxygen content in water. All these 
above traits, which affect the variation in dissolved oxygen content in water, are 
summarized in Figure 1. Together, they determine oxygen cycling occurring 
between the submerged plants, the water environment and the atmosphere.  

The oxygen flow internally within the plant is likely to play an eminent role in  the 
oxygen cycling between plants and the water column. For partially submerged A. 
philoxeroides, the trait related to  transport oxygen through stem nodes is essential 
for its adaptation. The upper parts of shoots connecting with the atmosphere can 
efficiently transport the oxygen to the lower submerged parts (as shown in 
Chapter 2). This trait enables to connect the atmosphere and flooding-prone 
ecosystems, including the plants and submerged soil environments. With 
increasing water levels, the plants get completely submerged, and the transport of 
oxygen through stem nodes is made impossible. Also the oxygen flow from 
underwater photosynthesis is strongly reduced at these conditions. Consequently, 
under this condition, the dissolved oxygen in the water column is the most 
important source of oxygen (as shown in Chapter 5). Both acclimated leaves and 
adventitious roots can take up oxygen from the water column, in which the 
adventitious roots seem to have a bigger contribution to oxygen uptake. There may 
be two more reasons to explain it. Firstly, the ratio of total surface area to total 
volume of adventitious roots is higher than that of leaves; secondly, submerged 
plants take several weeks to produce new acclimated leaves under water; before 
that the adventitious roots may already have formed and play an important role in 
O2 uptake from the water column. Moreover, adventitious roots may be the only 
important source of absorbing oxygen from ambient water for most flooded plant 
species, especially under deep submergence, where they probably do not grow any 
new acclimated leaves. Hence, under partial submergence, the traits related to 
transport oxygen though stem nodes is more essential for oxygen acquisition from 
the surrounding environments; while under complete submergence, the oxygen 
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uptake by adventitious roots is more important for plant survival; and these 
different adaptations to different water regimes also cause a different plant 
performance (which were already discussed in separate chapters in this thesis). 

Given the anticipated global changes in hydrological regimes including increased 
flooding frequency and intensity this century, there will be more and more 
terrestrial species suffering from flooding in the world. The water depth of 
flooding will increase compared to previous times. Understanding how terrestrial 
plants will respond to this altered situation is important for understanding and 
predicting shifts in vegetation type and ecosystem function (Parmesan & Hanley, 
2015). Theses fundamental insights that were gained in this thesis will improve 
our understanding about mechanisms of plant flooding tolerance. 

 

Figure 1. Conceptual model of oxygen cycling in a flood prone ecosystem; the blue shaded area 
indicates the water column, and the brown one indicates the soil under water. The black curved lines 
represent the adventitious roots; the blue curved lines represent the sediment roots. ROL = Radial 
oxygen loss. 
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Future research prospects 

Future research on flooding tolerance of terrestrial plants should focus on studying 
additional plant species. In this thesis, we used A. philoxeroides as our study 
species, which is a herbaceous plant species. But in nature, it is easy to find 
additional shrub and woody species that can survive short or long periods of 
submergence. However, there is hardly any research that compares whether the 
same traits relate to flooding tolerance across different plant types. The various 
novel experimental set-ups developed in this thesis may shed further light on the 
respective adaptations. Through these insights shifts in vegetation type and 
ecosystem functioning during long period submergence may be predicted.   

The performance and behavior of plant under submergence are highly manipulated 
by hormones and gene expression. There is more and more research focusing on 
hormone regulation in wetland plant species (Voesenek et al., 2003; Voesenek et 
al., 2004; Vidoz et al., 2010; Dawood et al., 2016), but knowledge is still very 
limited on the role of hormones on the different submergence survival traits of 
terrestrial plants. Also, Some study already found the genes that enable prolonged 
submergence tolerance (Voesenek et al., 2004; Bailey-Serres & Colmer, 2014; 
Voesenek & Bailey-Serres, 2015), but it is still limited in species adapted to 
specific ecological niches, therefore, there is a great demand for continued 
identification of genetic diversity in flooding survival traits.  
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