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SUMMARY
Super hydrophobic leaf surfaces are a relatively common trait in terrestrial plants which 

produce a self-cleansing surface that keeps leaves free of surface water, dirt and patho-

gens. Super hydrophobic leaves have also been shown to retain a film of gas surrounding 

the leaves when completely submerged. These gas films increase gas exchange between 

the leaves and floodwater and result in increased O2 and CO2 uptake. Enhanced gas ex-

change with the floodwater alleviates some of the constraints for submerged plants of 

the slow diffusion in water resulting in more available O2 for respiration (RD) during night 

and more CO2 for photosynthesis during day. This thesis contains a series of experiments 

investigating the effect of leaf gas films on completely submerged plants both in the field 

and in the laboratory. 

Underwater net photosynthesis (PN) was measured on 27 species of plants, 16 of which 

had leaf gas films when submerged. Underwater PN was 3.8 fold higher in species with 

leaf gas films at 100 µM CO2, compared with species lacking this feature, which shows 

that leaf gas films significantly increase photosynthesis under water. The benefits of im-

proved underwater PN include endogenous O2 production which is crucial with regards 

to internal aeration and likely improved carbohydrate status of submerged plants. Of 

the 4 genotypes of rice investigated in Chapter 4, the flooding tolerant FR13A retained 

leaf gas films modestly longer than the intolerant IR42, but Swarna-Sub1 and Swarna did 

not differ in this feature. Underwater photosynthesis in submerged rice was markedly 

enhanced by gas film presence as was the internal aeration of roots.

Internal aeration is the process of supplying O2 to plant tissues without a direct source, 

i.e. movement of O2 from shoots to roots. Tissues without O2 would suffer with inhibition 

of aerobic metabolism (RD) which can lead to low-energy stress, cessation of growth and 

ultimately death. I found that leaf gas films were an important component of internal 

aeration under field conditions of submerged rice and Spartina anglica, but also that 

light was a key factor in determining the O2 concentration status of belowground organs 

and tissues. During daytime, floodwater O2 concentration accounted for only 14% of the 

variation in root pO2 in rice whereas light accounted for 70% indicating that endogenous-

ly produced O2 was the primary source for roots in anoxic soil when these plants were 

submerged and when light was available. During the night, variation in floodwater pO2 

accounted for more than 70% of the variation in root pO2 and was the main source of O2 

for internal aeration when no light was available for underwater PN. At night, rice plants 

with leaf gas films had root pO2 values of 0.24-0.42 kPa (severely hypoxic) but roots of 

plants without leaf gas films went anoxic (O2 was below detection and presumably zero). 

During day, rice plants with leaf gas films had 1.2 fold higher root pO2 than plants with-

out leaf gas films. A similar response was found for Spartina anglica even though the 

CO2 concentration in the water was significantly lower (15 µM CO2) which indicates that 

leaf gas films increase underwater PN and thus internal O2 even at low floodwater CO2 

concentrations.
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Leaf gas films were retained for 4 to 6 days on leaves of rice depending on genotype and 

gas film retention time was positively correlated to underwater PN; when leaf gas films 

were lost underwater PN declined sharply and subsequently there was degradation of 

leaf chlorophyll. Based on these data for rice I expected to find an overrepresentation 

of species with leaf gas films in a natural flooding regime where the floods did not last 

significantly longer than the gas films. To evaluate this idea, a screening study of leaf 

gas films presence/absence as well as leaf gas film retention time in terrestrial plants 

was conducted for species along a natural flood gradient in the Netherlands in the flood 

plains of the river Rhine. This hypothesis was rejected as abundance of species with leaf 

gas films did not ‘peak’ at a specific flooding regime, but rather increased in frequency 

from below 20% from the most flood prone areas with extended floods toward the drier 

areas with less frequent floods where up to 80% of species had leaf gas films. However, 

this finding does not necessarily rule out that leaf gas films can act as a crucial feature 

regarding flood tolerance of terrestrial plants, but further research is needed. The study 

did confirm findings that high SLA is correlated to species in areas with flooding risk, 

likely due to the benefit of thin leaves on gas exchange with floodwaters.

Leaf gas films enhance underwater gas exchange and increase flood tolerance of species 

with super hydrophobic leaves. By increasing underwater gas exchange, underwater PN 

and RD were increased – long-distance internal diffusion of O2 also resulted in improved 

plant body aeration both during day and night. Increased internal aeration of plants while 

completely submerged as a result of leaf gas films, means this feature has characteristics 

resembling a flood tolerance trait and could be classified as such. Improved tissue O2 

status could result in less stress on completely submerged plants as metabolism can re-

main aerobic allowing plants to sustain their energy metabolism and possible conserve 

carbohydrates and through underwater PN produce carbohydrates to replenish, or at 

least partially supply sugar demand, alleviating some of the stress of being under water.

“You are the universe experiencing itself” 

-Allan Watts.
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THESIS STRUCTURE
This thesis is in agreement with the Postgraduate and Research Scholarship Regula-

tion 1.3.1.33(1) of The University of Western Australia and is presented as a series of 

three published scientific papers and one manuscript (unpublished at the time of thesis 

submission) as well as two published papers in the appendixes that I have co-authored 

during my PhD candidature. The five published papers (three in the main thesis and two 

in the appendixes) are included as PDFs. The manuscript (Chapter 5) is my final draft and 

has been reviewed by both of my supervisors and feedback also received from other 

co-authors. All work presented has resulted from work done towards this thesis. There 

are eight main chapters in this thesis: General Introduction, four Experimental Chap-

ters, General Discussion and two experimental chapters in the appendixes. The General 

Introduction covers the background of the work undertaken in the thesis in order to 

justify the research objectives presented and a focused literature mini-review. The four 

Experimental Chapters are presented in the format of scientific papers that can be read 

individually or as part of the whole thesis. Each Experimental Chapter includes the fol-

lowing sections: Abstract, Introduction, Materials and Methods, Results, Discussion and 

References. Each Experimental Chapter is preceded by a short Preface, which serves to 

link the chapter to the broader hypotheses addressed by the thesis and clarifies my role 

in the paper. This ‘thesis-as-a-series-of-papers’ format results in some unavoidable repe-

tition, especially in the Introductions and Materials and Methods sections of the Exper-

imental Chapters. The references for Chapters 1 and 6 are combined in the references 

section after chapter 6.
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Chapter 1

General introduction
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Fly resting on a leaf of Glyceria fluitans that distorts the water due to its superhydro-
phobic leaf surface. Under water, leaf gas films are visible as a silvery layer that covers 
the leaf cuticle. Photo by Ole Pedersen.
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Submergence – a severe abiotic stress for terrestrial plants

Complete submergence of terrestrial plants occurs in a multitude of ways across the 

globe. From tidal marshes to flash floods of paddy rice and other agricultural fields, 

floods are one of the most dramatic environmental changes terrestrial plants can expe-

rience. Climate change may increase flooding events in many regions (Parry et al., 2006) 

posing a significant challenge for crop management in various areas worldwide. Com-

plete submergence impedes O2 and CO2 exchange between plants and the environment 

(Mommer & Visser, 2005; Voesenek et al., 2006) causing stress of reduced respiration 

and low photosynthesis. Moreover, decreased light availability when under water nega-

tively impacts photosynthesis and thus can further reduce substrate production leading 

to inhibited energy metabolism, cell/tissue damage and ultimately death (Bailey-Serres 

& Voesenek, 2008; Colmer & Voesenek, 2009). In India, flooding of low land rice paddy 

fields is considered the third most important limitation to rice production (Widawsky 

& O’Toole, 1990), and in the year 2010 floods caused more crop losses than each of 

drought, cold and heat (Bailey-Serres et al., 2012). Thus, investigating and understand-

ing the effects of complete submergence on terrestrial plants could potentially lead to 

breakthroughs in crop science and is also of importance for understanding plants in nat-

ural systems such as wetlands.

Internal aeration of submerged plants: consequences of an aqueous diffusive bound-

ary layer

Internal aeration is the transport of gases inside plant tissues, in particular the transport 

of O2 from the shoot to belowground organs, since roots, rhizomes and nodules (in the 

case of legumes) are situated in the sediments which are generally anoxic when flood-

ed. Several factors influence internal aeration of submerged plants, the most important 

being; (i) diffusive boundary layers (DBL) that increase resistance of exchange with the 

medium, (ii) concentration gradients, (iii) length of transport path, (iv) medium of trans-

port (air, water or tissue), and (v) plant adaptations to facilitate internal aeration. A key 

adaptation is tissues of high porosity (i.e. high gas-filled volume), often resulting from 

the formation of lacunae (frequently termed aerenchyma), as this lowers the resistance 

for internal gas diffusion through plant tissues and organs (Armstrong, 1979). The focus 

of this section, however, is on the DBL resistance as that is a major consideration for leaf 

gas-exchange when submerged.

The diffusive boundary layer (DBL) is an important resistance component to total gas 

diffusion between tissues and floodwaters. All surfaces in water and in air are enveloped 

by a thin DBL which is either stagnant or dominated by laminar flow because of the vis-

cous properties of the medium (Vogel, 1996). As a consequence, gas exchange between 

tissue and floodwater via the DBL must take place by molecular diffusion driven by a 

concentration gradient. Outside the DBL, mass transport occurs resulting in little or no 

concentration gradients towards the tissue surfaces (Nobel, 1983). The thickness of the 
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DBL can vary from 50 to several hundred µm, both in air and under water, depending 

on flow velocities of the surrounding medium; high flow velocities reduce (i.e. ‘erode’) 

the DBL whereas low flow velocities result in thicker boundary layers (Vogel, 2006). In 

water, however, the DBL presents a major source of total resistance to gas exchange 

because of the 104fold lower diffusion coefficients of O2 and CO2 in water compared to 

in air (Vogel, 2006). Consequently, many plant adaptations to gas exchange under water 

are related to reducing the thickness of DBLs (see text below). Moreover, O2 solubility in 

water is low and natural diurnal fluctuations of O2 in floodwaters can result in hypoxic 

conditions when system respiration exceeds autotrophic production (e.g. during night) 

further impeding uptake from the surrounding water (Setter et al., 1988; Winkel et al., 

2013). The reverse is the case if autotrophic production during day time is high, dissolved 

O2 can then increase above air-equilibrium values and could improve O2 uptake from the 

medium. However, a more direct source of O2 to plants during complete submergence 

in light is endogenous O2 produced via photosynthesis (Sand-Jensen et al., 2005; Winkel 

et al., 2013).

Convective gas flow is another adaptation in some species with rhizomes, increasing 

aeration of belowground organs during partial submergence (Brix et al., 1996; Sorrell et 

al., 1997). Convective flow enables mass transport of O2 (and other gases) from young 

shoots or leaves with air-contact through the plant via belowground organs such as rhi-

zomes and out of older leaves, shoots or even broken culms, resulting in more effective 

aeration than if based upon diffusion. This elevates the O2 concentration along rhizomes, 

from which O2 will diffuse into roots (Colmer, 2003). However, as soon as the plant is 

completely submerged mass flow ceases (Armstrong et al., 1988; Armstrong & Arm-

strong, 1990; Brix et al., 1992). Convective flow is driven by a pressure gradient which 

is generated by either a reduction or increase in pressure somewhere in a plant system 

with a through-flow pathway. Wind blowing across the ends of dead culms in Phragmites 

australis can cause a decrease in pressure (suction) which ‘pulls’ a mass flow or air into 

the plant at another position along the through-flow pathway. A positive pressure flow 

generated in living shoot tissues, driven by water vapour and the presence of micropores 

is more widespread, the presence of water “dilutes” the gasses inside the plant causing 

a concentration gradient which drives inward diffusion of other gases in air increasing 

pressure (Knudsen diffusion (Dacey, 1981)). This positive pressure is driving the mass 

flow of gas through the plants with a low-resistance path to an adjoining exit (Dacey & 

Klug, 1982). A convective flow has also been hypothesized to take place in the marsh 

wetland plant Spartina anglica (Winkel et al., 2011). Spartina anglica, and several other 

wetland species (see text below), also possesses leaf gas films which increase gas ex-

change in completely submerged plants.

Environmental parameters during floods

Floods can be described as inundation of a habitat that persists in a ‘dry’ state (i.e. with-
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out standing surface water) for at least part of the time. As such there are many kinds of 

floods, but three particular types will be described in this section, flash floods, seasonal 

floods and tidal floods. Floods differ in seasonal timing, duration, frequency and depth 

(Vervuren et al., 2003). Floodwater properties that influence plant functioning when 

submerged can also differ substantially. Light and CO2 determine underwater net photo-

synthesis (hereafter; underwater PN) and survival (Mommer & Visser, 2005; Pedersen et 

al., 2010) and flooding regime greatly affects plant species distributions in flood-prone 

areas (Armstrong et al., 1985; Voesenek et al., 2004). 

Flash floods occur when heavy rainfall causes water levels to rise rapidly for a period 

of time, especially as run-off moves to low-lying areas (Setter et al., 1987; Brammer, 

1990; Ram et al., 1999). Flash floods in some regions can be more likely to occur during 

specific seasons, but in other areas flash flooding is not season specific. Seasonal floods 

are caused by an increase in water flow that surpasses the capacity of a landscape (i.e. 

rivers and other water courses) to discharge the large volumes of water, resulting in 

a rise in water level and subsequent flooding of banks and floodplains. The increased 

water that needs to be discharged can be caused by a seasonal increase in precipitation 

and/or snow melt (Brammer, 1990). Tidal flooding is caused by the moon’s cycle (neap 

tide, spring tides) and impacts coastal areas such as plains and estuarine marshes. Tidal 

floods involve saline water whereas overland floods usually consist of freshwater, with 

the exception of some inland catchments with salt lakes.

All three flood types can occur with various combinations of chemical and physical prop-

erties in the water; O2, CO2, temperature, pH and light can all vary in different flood events 

(Setter et al., 1987; Pérez-Lloréns et al., 2004). Tidal floods consist of sea water which is 

well buffered and therefore not as susceptible to large pH fluctuations as freshwaters of 

low alkalinity. In freshwater floods, concentrations of HCO3
- and CO2 can vary greatly, but 

as a general rule the CO2 concentration is above air equilibrium (Table 1). High CO2 con-

centrations typically result from net heterotrophic system metabolism where the respi-

ration from all organisms exceeds O2 production from autotrophs. Furthermore, some 

water bodies receive groundwater with CO2 concentrations up to 100fold air equilibrium 

(Sand-Jensen & Frost-Christensen, 1998). In contrast, net autotrophic systems deplete 

CO2 and produce O2, so O2 concentrations in floodwaters vary from hypoxic (low O2 con-

centration) to well above air equilibrium, with marked daily cycles in O2 concentration 

during light versus dark periods.

Temperatures in overland floods can vary greatly depending on location and season 

(e.g. ~6-37° C (Hamilton et al., 1997; Valett et al., 2005; Pedersen et al., 2011). As tem-

perature increases so does respiration increasing the demand for O2. Furthermore, with 

increasing temperature, the solubility of O2 in water decreases, however the diffusion 

coefficient of O2 increases more than the solubility decreases, resulting in more available 

O2  (Atwell et al., 1999). The increase in respiration and decreased solubility outweigh 
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the increase of O2 diffusion thus causing an even greater imbalance between O2 demand 

and supply as temperatures rise. For temperature dependent diffusion coefficients see 

(Colmer et al., 2015).

There is not much data for water flow rates during floods. O2 and CO2 availability to leaves 

is not only controlled by solubility and diffusivity but also by flow velocity which affects 

the thickness of the DBL. As explained above, low flow velocity leads to thick DBLs and 

therefore high resistance because of the longer diffusion path-length whereas higher 

flow velocities ‘erode’ the DBL and increases diffusive gas exchange of shoots with the 

floodwater. Three papers reported flow rates ranging between 0.002 to 0.3 m s-1 for two 

flash floods and one seasonal flood (Setter et al., 1987; Hamilton et al., 1995; Ram et 

al., 1999). The influence of flow rate on submerged plants includes erosion of DBL with 

higher flow rate, reducing the diffusion resistance of gasses and nutrients (Binzer et al., 

2005; Pedersen et al., 2009). Underwater photosynthesis can therefore increase with 

flow rate since the DBL would become thinner. 

Light availability in floodwaters can be a major constraint for underwater photosynthesis 

and depends on several factors, such as the amount of suspended material or dissolved 

coloured organic matter (e.g. tannins in the Amazonian floodwaters (Parolin, 2009)). Par-

ticle suspension in floodwaters can be highest in the early stages of a flood after which 

particles often settle resulting in clearer water. The particles can at times settle onto the 

leaves of the submerged plants which will also limit the amount of light available to the 

plants. Nutrient rich waters often support a high biomass of phytoplankton and biofilms 

which also leads to higher light absorption and thus lower light penetration reaching 

rooted plants at the sediment surface (Sand-Jensen & Søndergaard, 1981; Sand-Jensen 

& Borum, 1991; Lassen et al., 1997) and as a consequence also shallower depth limits for 

plant colonization (Sand-Jensen, 1990). Examples of light attenuation in floodwaters is 

available for rice paddy fields in India and Thailand; the depth at which 50% of the light 

remained varied from 0.07 to 0.7m (Setter et al., 1987; Ram et al., 1999).
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Table 1. Dissolved CO2 and O2 concentrations in various types of floodwaters. Medians with 

ranges in brackets. Reproduced from Colmer et al. (2011). (NOTE: Compiling these data and 

writing the text on environmental conditions were my primary contribution to this published 

paper by Colmer et al. (2011) on which I am a co-author).

Environment CO2 (µM) O2 (µM)
Terrestrial   
Flash flood (1,2)  (n = 4) 1040 (3 - 1953) 150 (“0” - 280)
Seasonal flood (3-6)  (n = 6) 365 (47 - 1600) 79 (“0” - 240)
Tidal flood (7,8)  (n = 4) 16 (3 - 49) 292 (188 - 522)
Aquatic   
Streams and rivers (9,10)  (n = 31) 133 (11 - 836) n.a.
Ponds (< 1 ha) (11)  (n = 7) 59 (<1 - 374) n.a.
Lakes (11)  (n = 17) 45 (11 - 210) n.a.

1,2(Setter et al., 1987; Ram et al., 1999); 3-6(Hamilton et al., 1997; Richey et al., 2002; Valett et 

al., 2005); 7,8(Pérez-Lloréns et al., 2004; Winkel et al., 2011); 9(Sand-Jensen & Frost-Christensen, 

1998); 10(Jonsson et al., 2003) 11(Staehr et al., 2011). n.a. = not available; O2 was not measured 

in the water surveys conducted in 9, 10 and 11.
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Underwater photosynthesis by submerged plants

The importance of underwater photosynthesis (PN) in completely submerged terrestrial 

plants is highlighted by enhanced survival when light is available (Adkins et al., 1990; 

Das et al., 2009). In some terrestrial species a positive C-balance has been estimated 

at least for the leaf-level even when completely submerged (Pedersen & Colmer, 2014) 

meaning a possible accumulation of organic carbon (i.e. dry matter) to sustain roots also 

and for growth, but whole-plant C balances need to be determined in future work. At 

200 µM CO2 (15fold above atmospheric equilibrium; for field relevance see Table 1) and 

assuming 12 h light and 12 h darkness, a positive C-balance of 100 mmol C m-2 d-1 was 

estimated for the leaf lamina of rice (Pedersen et al., 2009). Four other wetland species 

were also estimated to have positive C-balances at 200 mM CO2 and ranged from 35-

70 mmol C m-2 d-1 in leaf laminas. Thus, even though underwater PN is greatly reduced 

for completely submerged terrestrial plants, positive C-balance on leaf level is possible. 

Consequently, underwater PN can increase the duration of submergence before a plant 

runs out of substrate for metabolic processes and therefore increases survival. 

Production of O2 in underwater PN and its subsequent positive influence on internal O2 

status and aeration is of importance for submerged plants. By producing O2 endoge-

nously the plant can, when photosynthesizing, stop relying on external O2 uptake and 

produce the O2 needed for aerobic respiration itself. Moreover, the high resistance of 

the DBL impeding gas exchange results in build-up of O2 inside the plant (Pedersen et 

al., 2006; Colmer & Pedersen, 2008a; Winkel et al., 2013) and the resulting higher con-

centration gradient between the shoot (which is producing O2) and the belowground 

organs (which use O2 for respiration) increases diffusion from shoots to roots. Aerobic 

metabolic processes can then proceed with more efficient use of substrate and ultimate-

ly prolong the period of submergence tolerance. 

Diffusive resistance of CO2 from surrounding floodwater and into photosynthetic tis-

sues of submerged terrestrial plants constitute a significant bottleneck for underwater 

PN (Sand-Jensen et al., 1992). This is not a specific issue only for submerged terrestrial 

plants, as aquatic plants face the same constraint and as a consequence have evolved 

several leaf adaptations to reduce the diffusive resistance or to overcome this limitation. 

Adaptations include thinner leaves, reduced cuticles, leaf shape to reduce DBL (e.g., ‘dis-

sected’ leaves) and various CCM’s (carbon concentrating mechanisms, increasing CO2 

concentration around RUBISCO) (Table 2). Some of these adaptations, however, make 

these leaves poorly suited for life above water; for example, a thin cuticle would result in 

increased water loss and subsequently desiccation. The opposite can be said for terres-

trial leaves, with their thick cuticles and low specific leaf area (SLA) to restrict water loss 

(Nobel, 1983), they have increased “barriers” (i.e. high resistance) to inward diffusion of 

CO2 from floodwaters to leaf. Nevertheless, some species of terrestrial wetland plants do 

exhibit adaptations to complete submergence. Amphibious plants can grow new leaves 
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acclimatized to life under water when submerged. In particular reduced cuticle thickness 

decreases diffusion resistance and therefore increase exchange of O2 and CO2 (Sand-Jen-

sen et al., 1992; Frost-Christensen & Sand-Jensen, 1995). Rumex palustris continues leaf 

turnover after complete submergence, where new leaves have elongated petioles and 

laminas, resulting in higher SLA which together with thinner cuticles and epidermis in 

the leaves formed underwater greatly decreases diffusion resistance for gas-exchange 

when under water (Mommer et al., 2005; Mommer et al., 2007). 

Plant adaptation to submergence

Some plant species exhibit shoot elongation when completely submerged, examples in-

clude Rumex palustris (petiole and lamina elongation) (Voesenek et al., 2004; Vreeburg 

et al., 2005) and deepwater rice (stem elongation) (Kende et al., 1998; Sauter, 2000). 

Elongation is a submergence response enabling plants to restore air contact allowing 

direct entry of O2 and CO2 from the air and thus bypass the slow diffusional uptake of O2 

and CO2 from the floodwater. Elongation in Rumex palustris is regulated by accumula-

tion of ethylene accompanied by an upregulation of ethylene receptor and biosynthesis 

genes (Vriezen et al., 1997; Vriezen et al., 1999; Rieu et al., 2005) and a decline in the ab-

scisic acid (ABA) concentration. Down regulation of ABA is necessary for fast underwater 

elongation as normal levels of ABA inhibits the increase of gibberelin which is a growth 

promoting hormone (Benschop et al., 2006)2006. Ethylene also causes an expression of 

a cell loosening gene as well as fast apoplastic acidification, presumably related to the 

pH optimum of expansins which is involved in the process of elongation (Lee & Kende, 

2001). 

Elongation of shoot organs is considered a central response in the concept of low O2 

escape syndrome (LOES, Bailey-Serres and Voesenek (2008)). Another strategy, coined 

low oxygen quiescent syndrome (LOQS) can be argued to be the opposite of LOES and in-

cludes plant traits such as no growth response to conserve carbohydrates, conservation 

of ATP, increasing abundance of enzymes that are necessary to create ATP without O2 

and increased components that counteract harmful cell changes associated with flood-

ing such as reduced protein synthesis. A major component of the LOQS is when plants 

exhibit this collection of traits greatly reducing elongation and in extreme cases cease 

growth completely (Bailey-Serres & Voesenek, 2008), but there are also several other 

energy-conserving attributes such as the suppression of mRNA’s encoding the highly 

abundant ribosomal protein (Branco-Price et al., 2008).

Gas films on leaves of submerged plants

Leaf gas films are thin (32 to 180 µm (Pedersen et al., 2009; Lauridsen et al., 2014) en-

velopes of gas trapped on the outside of leaves that have super hydrophobic surfaces, 

when underwater. A super hydrophobic leaf is water repellent and defined as such when 

the contact angle of a droplet on the leaf surface is above 140°, a contact angle below 
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110° is considered wettable (Neinhuis & Barthlott, 1997) and angles in between are hy-

drophobic. Leaf gas films can be seen as a silver surface on a submerged leaf when light 

hits it at certain angles, and can easily be observed by the naked eye when lowering 

a leaf into a container of water. Surface hydrophobicity is determined by the surface 

chemical properties and micro- and nano-structure of the leaf surface, e.g. the shape of 

wax crystals and/or presence of trichomes (Barthlott & Neinhuis, 1997).

Super hydrophobic leaf surfaces are self-cleansing and this is hypothesized to be their 

main function (Barthlott & Neinhuis, 1997). However, another trait of super hydrophobic 

leaves are the retention of leaf gas films when submerged which increases gas exchange 

of plants when under water (Verboven et al., 2014). It has been suggested that the way 

leaf gas film enhance gas exchange is by increasing the gas-to-water interface (Pedersen 

& Colmer, 2012) and reducing the diffusion path by allowing O2 to diffuse linearly from 

the water through the gas film to the stomata as opposed to the oblique path caused 

by the gradient radiating out from an open stomata in direct contact with the water (for 

a graphical representation see Figure 5 in (Verboven et al., 2014)). Leaf gas films likely 

allow stomata to remain open and thus functional during submergence, thereby bypass-

ing any diffusion resistance of the cuticle and epidermis, further facilitating gas exchange 

between leaf and flood water (Verboven et al., 2014).

Gas films on submerged leaves of rice enhance CO2 fixation, first shown by Raskin & 

Kende (1983). The beneficial effect of leaf gas films on underwater PN has since been 

demonstrated for several species of wetland plants. Underwater PN at 50 µM dissolved 

CO2 increased 1.5 to 6 fold when leaf gas films were present in four wetland species 

(Colmer & Pedersen, 2008b). Diffusion resistance of CO2 at ecologically relevant concen-

trations was 5fold less in rice and Phragmites australis when leaf gas films were intact, 

as compared with when removed (Pedersen et al., 2009). At CO2 concentrations close to 

field conditions (15-180 µM) underwater PN was increased 4- to 4.9-fold by gas films on 

completely submerged rice leaves, or to 22% of photosynthesis in air (Pedersen et al., 

2009). Tissue sugar levels and growth were reduced in completely submerged rice when 

leaf gas films were removed.

As previously described, increased underwater PN increases aeration of completely sub-

merged plants, however, leaf gas film also enhance O2 uptake during night time where 

photosynthesis is absent. In darkness, completely submerged rice were able to keep 

roots aerated (above 3 kPa) as long as gas films were present, whereas when gas films 

were removed O2 concentration in the roots decreased to very low levels (0.1 kPa) (Ped-

ersen et al., 2009). 

The positive effect of leaf gas film on underwater PN and night time O2 uptake are well 

established (Pedersen & Colmer, 2012). The potential for increased aeration and thus 

survival of completely submerged plants with leaf gas films are intriguing. However, little 

is known about the functioning of leaf gas films on submerged plants in the field and 



Chapter 1. General introduction.

11

its actual ecological potential as an adaptation for plant tolerance of complete submer-

gence. The persistence of leaf gas films on leaves of submerged plants is also uncertain 

especially under natural conditions. 

Aims

Thesis aims:

1. Investigate the effect of leaf gas films on submergence tolerance (in particular, 

the effect of leaf gas film on internal aeration and underwater PN) of selected 

terrestrial plants under field conditions (Chapters 2, 3, 4 and 5).

2. Elucidate the effect of light and leaf gas films on root pO2 during short term com-

plete submergence under field conditions (Chapter 3).

3. Examine the persistence of leaf gas films and the effect on underwater PN on four 

different rice genotypes with varying submergence tolerance (Chapter 4).

4. Evaluate leaf gas films influence on plant species distribution along a flooding 

gradient (Chapter 5).

Leaf gas films have been shown to increase aeration of submerged terrestrial plants 

in laboratory experiments and as such may provide plants exhibiting this trait with in-

creased submergence tolerance and thus increased survival. This study is the first to 

investigate the effect of leaf gas films in situ and examine the dynamics between leaf gas 

films and selected field conditions on internal aeration and plant submergence respons-

es. New detailed knowledge can help determine whether leaf gas films are an important 

plant trait for submergence tolerance, including for crop species such as rice.
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Table 2. Comparison of leaf traits influencing gas exchange and photosynthesis by terrestrial 

wetland plants when under water and submerged aquatic plants. Reproduced from Colmer et 

al. (2011).

Leaf traits Terrestrial wetland plants Submerged aquatic plants

Morphology

Leaf size Medium-large Small-medium

Dissected/lobed Rare Common

Strap-shaped Rare Common

Leaf thickness* Moderate-thick Thin

Surface hydrophobicity / 

leaf gas films1,2
Common Absent

Hairs/trichomes Rare Absent

Anatomy   
Stomata Always present Absent/non-functional

Cuticle Always present Absent/highly reduced

Chloroplasts in epidermal 

cells
Only in guard cells Common

Aerenchyma Variable Variable

Porosity of lamina
High in thick, low in thin, 

lamina
High in thick, low in thin, lamina

Supporting fibres Always present Rare

Photosynthetic pathway/

CCM3**
  

C3 Common Common

C4 Rare Rare (but uncertain)

CAM Absent Rare

HCO3
- use Absent Common

Modified from Sculthorpe (1967) with data from additional references as indicated by super-

scripts: 1(Neinhuis & Barthlott, 1997), 2(Colmer & Pedersen, 2008b), 3(Maberly & Madsen, 

2002).
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Chapter 2

Leaf gas films of Spartina anglica enhance rhizome and 
root oxygen during during tidal submergence
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Front page of Plant Cell and Environment depicting partially submerged Spartina angli-
ca in a natural tidal zone at Ho Bay, Denmark. Stands of Spartina anglica become com-
pletely submerged twice each 24h cycle throughout the year. Photo by Ole Pedersen.
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Preface

This chapter was published in Plant, Cell & Environment volume 34 issue 12 in 2011. The 

topic of leaf gas film functioning is relatively new and this chapter represents the first in 

situ field study of the influence of leaf gas films on plant internal aeration during submer-

gence. The experimental work was conducted in Denmark and the in situ measurements 

were carried out in a natural tidal zone where stands of Spartina anglica were complete-

ly inundated by tides twice each 24 h cycle. This constituted a unique opportunity to 

investigate tidal submergence on a wetland plant with leaf gas films. It proved to be very 

challenging due to the time constraint between tides as it involved manipulation of leaf 

gas films by brushing with a dilute detergent and positioning of oxygen microelectrodes 

in the rhizomes of natural stands of Spartina anglica. My supervisors, Professor Colmer 

and Professor Pedersen, helped with selecting the specific area and stands of Spartina 

anglica and provided constructive comments on the ideas for the experiment as well 

as the hypotheses and provided feedback on my writing. I undertook most of the work 

involved in preparing this chapter including developing the ideas and hypotheses, data 

acquisition and analysis and the writing. 
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Leaf gas films of Spartina anglica enhance rhizome and
root oxygen during tidal submergencepce_2405 2083..2092

ANDERS WINKEL1,2, TIMOTHY DAVID COLMER1 & OLE PEDERSEN1,2

1School of Plant Biology (M084), Faculty of Natural and Agricultural Sciences, The University of Western Australia, Crawley,
WA 6009, Australia and 2Freshwater Biological Laboratory, Department of Biology, University of Copenhagen,
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ABSTRACT

Gas films on hydrophobic surfaces of leaves of some
wetland plants can improve O2 and CO2 exchange when
completely submerged during floods. Here we investigated
the in situ aeration of rhizomes of cordgrass (Spartina
anglica) during natural tidal submergence, with focus on
the role of leaf gas films on underwater gas exchange.
Underwater net photosynthesis was also studied in con-
trolled laboratory experiments. In field experiments, O2

microelectrodes were inserted into rhizomes and pO2 mea-
sured throughout two tidal submergence events; one during
daylight and one during night-time. Plants had leaf gas
films intact or removed. Rhizome pO2 dropped significantly
during complete submergence and most severely during
night. Leaf gas films: (1) enhanced underwater photosyn-
thesis and pO2 in rhizomes remained above 10 kPa during
submergence in light; and (2) facilitated O2 entry from the
water into leaves so that rhizome pO2 was about 5 kPa
during darkness. This study is the first in situ demonstration
of the beneficial effects of leaf gas films on internal aeration
in a submerged wetland plant. Leaf gas films likely contrib-
ute to submergence tolerance of S. anglica and this feature
is expected to also benefit other wetland plant species when
submerged.

Key-words: aerenchyma; halophyte; internal aeration; leaf
hydrophobicity; oxygen transport; salt marsh; submergence
tolerance; tidal inundation; underwater photosynthesis;
wetland plant.

INTRODUCTION

Tidal flooding can submerge vegetation in salt marshes
(Hubbard 1969) and determine zonation patterns of species
(Armstrong et al. 1985; Bertness 1991). Spartina anglica
(Hubb.) dominates the seaward side of salt marshes in
several countries (Hubbard 1969; Hubbard & Partridge
1981; Armstrong et al. 1985; Bouma et al. 2002), inhabiting
the lower salt marsh areas where many other species are
unable to grow (Armstrong et al. 1985). Populations of

S. anglica can experience complete inundation during daily
high tides (Hubbard 1969; Hubbard & Partridge 1981).
Complete submergence has adverse effects on most terres-
trial plants as the 10 000 times slower diffusion of O2 in
water than in air impedes tissue aeration, particularly of
belowground organs in anoxic waterlogged substrates
(Gleason & Zieman 1981; Gaynard & Armstrong 1987;
Colmer & Pedersen 2008a).

Submergence tolerance in plants has been classified into
two main response types – an escape response involving
shoot elongation or a quiescence response to conserve
energy until water recedes (Bailey-Serres & Voesenek
2008). Both response types also involve many other traits,
such as aerenchyma formation, tolerance of tissue hypoxia
and anoxia, protection against free radicals, formation
of adventitious roots, and traits enabling at least some
photosynthesis when under water (Laan & Blom 1990;
Bailey-Serres & Voesenek 2008; Colmer & Voesenek 2009).
Well-developed aerenchyma is crucial for efficient aeration
of submerged organs and tissues (Armstrong 1979; Jackson
& Armstrong 1999; Colmer 2003). Here we focus on under-
water photosynthesis and internal aeration via aerenchyma,
and in particular the role in these two processes of gas films
retained on submerged leaves.

Leaf gas films are a micro-layer, initially of trapped air, on
the hydrophobic surface(s) of leaves when submerged. A
gas film enlarges the water-gas interface and may also allow
stomata to remain open when under water (Pedersen, Rich
& Colmer 2009), and so is a feature that facilitates O2 and
CO2 exchange between leaves and surrounding waters. Leaf
gas films contribute to submergence tolerance of rice
(Raskin & Kende 1983; Beckett et al. 1988; Pedersen et al.
2009). Pedersen et al. (2009) showed in laboratory experi-
ments that the internal partial pressure of O2 (pO2) of sub-
merged rice is dependent on the presence of leaf gas films,
both during light and dark periods. Removal of leaf gas
films during light periods caused root pO2 to drop as a
consequence of reduced underwater photosynthesis as CO2

uptake from the water would have been reduced. During
darkness, the removal of the gas films also resulted in a
significant drop in root pO2 because of decreased O2 entry
via the leaves. Interestingly, gas films also occur on leaves of
other wetland species (Colmer & Pedersen 2008b), includ-
ing S. anglica (observed during a study of foliar N uptake;
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Bouma et al. 2002). Thus, leaf gas films, in addition to aer-
enchyma and other traits, may contribute to the ability of
S. anglica to grow in frequently inundated lower salt marsh
areas. S. anglica provides an interesting case study to
further elucidate the role of leaf gas films in submergence
tolerance, as this species experiences frequent tidal submer-
gences, in contrast with longer-lasting floods that have been
the focus of most work on plant submergence tolerance
(Bailey-Serres & Voesenek 2008).

Underwater photosynthesis can supply submerged ter-
restrial plants with O2 produced endogenously, but with
large diurnal variations, and also provide carbohydrates for
plant metabolism (Laan & Blom 1990). When completely
submerged during darkness, O2 available to plants is limited
to that which enters via diffusion from the surrounding
water. Consequently, internal pO2 declines because of res-
piration and anoxia can develop in the roots, until pO2 rises
again during light periods, reaching a new quasi-steady state
between O2 production and respiration/loss to the environ-
ment (Waters et al. 1989; Colmer & Pedersen 2008a; Peder-
sen, Malik & Colmer 2010). Leaf gas films enhance O2

uptake by submerged leaves when in darkness and also
increase underwater net photosynthesis when light is avail-
able (Colmer & Pedersen 2008b; Pedersen et al. 2009), and
some of this O2 moves via aerenchyma to the roots (Peder-
sen et al. 2009). In a study of leaf gas films on partially
submerged rice, Raskin & Kende (1983) suggested that
gas films also function as a snorkel promoting a non-
throughflow convection of air to the submerged parts of the
plant; however, this was later shown to be untenable
(Beckett et al. 1988).

We tested three main hypotheses, using S. anglica and
short tidal submergence:

1 root and rhizome pO2 decline upon submergence
because of constraints in O2 exchange with the surround-
ing water;

2 root and rhizome pO2 during submergence increase when
light is available to shoots, because of transport of O2

produced by underwater photosynthesis to belowground
organs; and

3 leaf gas films enhance root and rhizome pO2 during sub-
mergence, both during dark and light periods, owing to
improved exchange of O2 and CO2 between leaves and
the water (O2 entry during darkness; CO2 entry for
photosynthesis during light periods).

This study constitutes the first in situ (i.e. field) measure-
ments of the role of leaf gas films on internal plant aeration
during complete submergence.

MATERIALS AND METHODS

Study site and plant materials

Skallingen in Ho Bay, Western Jutland (N 55.536943°, E
8.256730°), Denmark, was chosen as the site for in situ
studies and for collection of plants used in laboratory
experiments. The bay has a large population of S. anglica,

which is often inundated at each high tide, twice each 24 h.
In this population, the largest plants were approximately
40 cm tall and the longest leaf laminas were approximately
20 cm. Plants for laboratory experiments were collected as
turfs (approximately 20 cm by 20 cm wide and 25 cm deep,
sediment blocks containing plants) and transported in
plastic bags the same day to the laboratory in Hillerød,
Denmark. Plants for biomass measurements were collected
whole by digging up complete turfs and then separating
them into components before oven drying for 48 h at 60 °C.

In situ pO2 dynamics in rhizomes

Intra-plant pO2 dynamics in rhizomes of S. anglica were
followed in situ at Ho Bay. An 8-channel picoamperemeter
(PA8000, Unisense, Aarhus, Denmark) connected to a
laptop running Picolog (Pico Technology Ltd, Cam-
bridgeshire, UK) for data logging, and one three-channel
underwater picoamperemeter with built-in data logger
(PA3000UP-OP, Unisense) were used. 50 mm tip diameter
O2 microelectrodes (OX-50UW, Unisense) were used to
measure inside the rhizomes and 500 mm tip diameter elec-
trodes were used to measure O2 in the water and sediment.
The electrodes were calibrated immediately before use in
water at air equilibrium (20.6 kPa O2) and in anoxic water
with dithionite (0 kPa O2).

Small areas of sediment within selected patches of S. an-
glica were gently excavated until a rhizome was found. The
rhizome was further exposed using water to wash away the
sediment. Micromanipulators with microelectrodes were
mounted on aluminium stands fixed in the sediment, and
the microelectrodes were positioned into rhizomes using
changes in signal to detect the surface of the rhizomes fol-
lowing the procedure of Borum et al. (2006) and Pedersen,
Vos & Colmer (2006). Oxygen microelectrodes were
inserted approximately 1000 mm into the rhizomes and sedi-
ment was then gently added to again cover the rhizome and
electrode until both were under at least 4 cm of sediment.
When using this procedure, the bio-geochemical profiles in
marine sediments are re-established within 1 h (Pedersen,
Binzer & Borum 2004). Other electrodes were positioned
4 cm into the sediment, at the sediment surface and at or
just above the canopy top. Six electrodes were placed in six
different plants, three controls and three treatments.
Patches of 8–12 shoots were isolated from nearby patches
of shoots by cutting to a depth of 25 cm with a large knife in
a circle around each patch – this was done as otherwise
extensive numbers of neighbouring shoots would likely
have needed dilute Triton X brushing to remove all leaf gas
films that could facilitate O2 entry along the measured
rhizome – and this was not feasible with the time constraint
imposed by a rising tide. The treated plants were, just prior
to tidal inundation, brushed with Triton X (0.1% v/v dilu-
tion in bay water) to reduce surface hydrophobicity so that
gas films did not form upon submergence. Two tide cycles
were monitored, one during day light and one during night-
time. Control plants remained the same but the treatment
plants were changed after the first tide cycle to avoid any
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complications from potential lingering effects of brushing
leaves with dilute Triton X on the treated plants.

Temperature and light were measured using two pendant
loggers (HOBO Pendant Temp/Light Data Logger
UA-001–08 Onset Computer Corporation, Pocasset, MA,
USA), one buried 4 cm in the sediment and the other
placed on the sediment surface. A water level data logger
(HOBO U20, Bourne, MA, USA) was used to measure the
water depth. Water pH was measured using a pH electrode
(Mettler Toledo LO T403-M8, Greiffen see, Switzerland)
connected to a pH meter (Radiometer pHM, Willich,
Germany). Data were recorded from low tide to low tide.
Water samples were brought back to the laboratory to
measure salinity (YSI Salinity 30 M/10FT, Yellow Springs,
OH, USA) and alkalinity by Gran titration (Stumm &
Morgan 1996).

Root pO2 dynamics – laboratory experiments

S. anglica collected from the field were transferred into
hydroponic culture medium. Cuttings were washed from
the sediments and mounted in holes in bucket lids with
shoot bases held using foam so that roots and rhizomes
were in culture medium inside the buckets.The composition
of the nutrient solution was (in mm): Na+, 275; Cl-, 275; K+,
3.5; Ca2+, 2.0; Mg2+, 1.0; NO3

-, 6.6; SO4
2-, 1.0; H2PO4

-, 0.5;
Mn2+, 0.0045; Zn2+, 0.004; Cu2+, 0.0015; BO3

3-, 0.023; MoO4
2-,

0.00005; FeEDTA, 0.0375. There was no forced aeration
(i.e. no bubbling) of the medium.The buckets were covered
with aluminium foil to prevent light entry and algae growth.
Cuttings were grown for at least 4 weeks before being used
in experiments.

For use in laboratory experiments, cuttings were trans-
ferred from the hydroponics into a horizontal chamber
(length 26 cm, width 7 cm) made from Perspex (Colmer &
Pedersen 2008a). The plant was positioned so that roots,
rhizome and the shoot base were inside the chamber in
previously deoxygenated half-strength artificial seawater
[Smart & Barko (1985) solution with added NaCl (275 mm),
KHCO3 (2.2 mm), pH was 9.1] and the medium also con-
tained 0.1% (w/v) dissolved agar, to prevent convective
movement. The shoot was outside the root-rhizome
chamber as it emerged through a hole in the side sealed
with blu-tac putty (Bostik, Riverside, England) to make the
seal water tight. The root-rhizome chamber was placed in a
larger transparent container, thus allowing artificial seawa-
ter to be added to submerge the horizontally placed shoot
protruding from the root-rhizome chamber but without dis-
turbing the roots and rhizome. Initially the shoots were in
air. The shoots were then submerged using artificial seawa-
ter at 30 ppt NaCl (513 mm; see underwater photosynthesis
measurements for composition) bubbled with air. After
near steady state, water was temporarily lowered, the
adaxial leaf side brushed with Triton X (0.05%) and then
submerged again. Temperatures were 17 to 19 °C. During
light periods, photosynthetically active radiation (PAR)
(400–500 mmol m-2 s-1) was provided to the shoots by
halogen lights and a fluorescent work lamp.

Clark-type O2 microelectrodes with a guard cathode and
tip diameter of 25 mm (OX-25, Unisense A/S, Aarhus,
Denmark) were used. Electrodes were calibrated immedi-
ately before use in water at air equilibrium (20.6 kPa O2)
and in anoxic water with dithionite (0 kPa O2). A microma-
nipulator (MM5, Märzhäuser, Wetzlar, Germany) was used
to insert the tip of the microelectrode, 200–300 mm into a
root 2–4 cm from the root-rhizome junction.The microelec-
trode was connected to a multimeter (MicroSensor Multi-
meter, Unisense A/S) and the output was logged every 60 s
on a computer using SensorTrace basic (Unisense A/S).

Underwater net photosynthesis

Two leaf lamina segments (~2.5 cm in length) from the
middle of each leaf were excised using a razor blade. One
was used as the control (with gas film) and the other was
used as the treatment in which gas film formation was pre-
vented, by light brushing five times, on the adaxial side (the
hydrophobic side), with a fine paintbrush soaked in 0.05%
Triton X in incubation medium (composition given next),
then washed for 5 s, three times, in medium without Triton
X. This treatment prevented formation of a gas film on
the adaxial lamina surface when submerged (cf. Colmer &
Pedersen 2008b).

Net photosynthesis under water, by lamina segments
(with or without gas films), was measured using the method
described by Sand-Jensen, Pedersen & Nielsen (1992), with
some modifications. The glass bottles used were 25 mL, and
two glass beads were added to ensure mixing as the bottles
rotated inside the illuminated water bath at 20 °C (cf.
Colmer & Pedersen 2008b); one lamina segment was placed
in each bottle. PAR inside the glass bottles was 550 mmol
m-2 s-1 (measured using a 4p US-SQS/L Wals, Effeltrich,
Germany).

The incubation medium was based on the general purpose
culture medium described by Smart & Barko (1985) and
contained (in mm): Ca2+, 0.62; Mg2+, 0.28; Cl-, 1.24; SO42-,
0.28; but also KHCO3 and NaCl were added so that alka-
linity was 2.2 mm and salinity 30 ppt (513 mm) NaCl.
The dissolved O2 concentration in the incubation was set
at 50% of air equilibrium, by bubbling 1:1 volumes of N2

and air; this procedure was applied to prevent increase
in O2 above air equilibrium levels during measurements
that might have led to photorespiration and thus decreased
net photosynthesis (Colmer & Pedersen 2008b). Because
the glass bottles were incubated in light immediately after
adding the lamina segments there was no risk of tissue
hypoxia as O2 would have been produced. The pH was
8.04, which resulted in approximately 15 mM CO2, and
leaves were unable to use HCO3

- as a carbon source (own
unpublished data).

Following incubations of known duration, dissolved O2

concentration in each bottle was measured using an O2

microelectrode (OX-500, Unisense A/S) connected to a
picoamperemeter (PA2000, Unisense). The electrode was
calibrated as described previously. Dissolved O2 concentra-
tions in bottles prepared and incubated in the same way as
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described previously, but without lamina segments, served
as blanks. The projected area of each lamina segment was
measured using a leaf-area meter (LI-3000). Five replicates
for controls and treatments were measured.

Underwater dark respiration

Underwater dark respiration was measured using the same
method as underwater net photosynthesis, but the incuba-
tions were in darkness. O2 concentration in the medium
commenced at air equilibrium (20.6 kPa, 237 mM O2 at
20 °C, 30 ppt NaCl) and declined during incubation to an
average of 204 mM O2.

Tissue porosity and leaf gas film thickness

Porosity (% gas spaces per unit tissue volume) was mea-
sured for leaves, rhizomes and roots, by determining plant
tissue buoyancy before and after vacuum infiltration of
the gas spaces with water (Raskin 1983), using the equa-
tions as modified by Thomson et al. (1990). Triton X at
0.05% was used to remove surface gas films on leaf seg-
ments, and care was taken to ensure no external gas was
trapped between tissue segments. Leaves, rhizomes and
roots were cut into 50 mm segments for the measure-
ments; only mid-leaf segments were used for leaf porosity
measurements. To estimate the leaf gas film thickness, gas
film volume was measured and related to leaf area. Buoy-
ancy of leaf segments under water with gas films intact
was determined, and then gas films were removed by
brushing with 0.05% Triton X and the measurements were
repeated. Leaf segment projected areas were measured
using a leaf-area meter (LI-3000, Li-Cor, Lincoln, NE,
USA).

Leaf surface hydrophobicity (or
non-wettability), specific leaf area and
belowground-to-aboveground dry mass ratio

Surface hydrophobicity was assessed by measuring the
contact angle of a 5 mm3 droplet of water on the leaf sur-
faces (Adam 1963; Brewer & Smith 1997). Lamina seg-
ments were held flat using double-sided tape. Droplets were
applied to the lamina of 10 replicate leaves, five on the
adaxial side and five on the abaxial side, and photographed
at ¥16 magnification using a horizontally positioned dissect-
ing microscope (Leica MS5, Solms, Germany) and digital
camera. The droplet contact angles were measured on a
computer running ImageJ (ImageJ v.1.43U, National Insti-
tutes of Health, Bethesda, MD, USA).

Specific leaf area (SLA) of lamina was measured by
determining the area (LI-3000, Li-Cor) and dry mass of
samples. Belowground-to-aboveground dry mass ratio was
determined by separating roots and rhizomes from the
shoots and drying each fraction for 48 h at 60 °C, recording
dry mass, and calculating the ratio.

Scanning electron micrograph pictures of leaf laminas
were taken using a field emission scanning electron micro-
scope (JEOL JSM-6335F, Peabody, MA, USA) using the
approach of Madsen (2009).

Statistics

GraphPad Prism 5 (GraphPad Software Inc., http://
www.graphpad.com) was used for data analysis and statis-
tics including two-way anova with a Bonferroni post hoc
and Student t-test to compare means. Mean variations are
given as Standard Error Measurements (�SEM); probabil-
ity level 0.05. Data for the laboratory experiments in Table 2
were squareroot transformed before testing for significant
differences between mean values.

RESULTS

Surface hydrophobicity, tissue porosity and
leaf gas film volume of S. anglica

Plant characteristics are summarized in Table 1. Water
droplet contact angle was measured on the adaxial and
abaxial sides of S. anglica leaves to determine the surface
hydrophobicity. A droplet contact angle of �110° is con-
sidered non-wettable and therefore hydrophobic (Brewer
& Smith 1997). The adaxial leaf side had an average
droplet contact angle of 148° and the abaxial leaf side
had an average contact angle of 53°. We presume that a

Table 1. Leaf characteristics and tissue porosity of Spartina
anglica

Parameters n

Water droplet contact angle (degrees)
Adaxial side 148 � 2 5
Abaxial side 53 � 4 5

Stomata density (Stomata mm-2)a

Adaxial 168.4 � 9 5
Abaxial 0.7 � 0.6 9

Gas film thickness (mm) 50 � 4 5
Porosity (% gas volume)

Lamina 7 � 1 5
Sheath 31 � 2 5
Rhizome 54 � 4 5
Root 37 � 6 5

Belowground-to-aboveground dry mass ratio 2.3 � 0.2 9
Specific leaf area (m2 kg-1) 11.5 � 0.4 10

aData on stomata density are from Maricle et al. (2009). Data are
mean � SEM.
Hydrophobicity was measured using the water droplet contact
angle (Brewer & Smith 1997). Tissue porosity and gas film volume
were both determined as change in buoyancy after vacuum infil-
tration of water or removal of gas films, respectively (Pedersen
et al. 2009). Gas film thickness is for the adaxial side, as the abaxial
side does not have a gas film and was determined using gas film
volume and leaf area. Belowground-to-aboveground dry mass ratio
is from field-collected S. anglica. Hydroponically grown cuttings of
S. anglica had 0.92 � 0.16 (n = 6) belowground-to-aboveground
dry mass ratio (cuttings had been trimmed of most rhizomes).
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non-wettable leaf surface is a prerequisite for the formation
of leaf gas films. This supports our observations that gas
films only form on the adaxial side of S. anglica leaves.
Interestingly, all stomata are located on the adaxial side of
S. anglica leaves (Maricle et al. 2009). Average gas film
thickness was 50 mm, which is consistent with data for this
feature also on lamina of rice (Pedersen et al. 2009).

Porosity is the % of gas volume per unit tissue volume
and was measured to evaluate the potential for gas diffusion
in leaves, rhizomes and roots. The lowest porosity was mea-
sured in the lamina at 7.4%. The leaf sheath, rhizome and
roots had porosities (%) of 32, 54 and 37, respectively.

S. anglica in situ O2 dynamics in rhizomes

The sediment at Ho Bay consisted of fine sand and clay
and it stayed waterlogged throughout the study period
with scattered puddles that remained until the next high
tide. Sediments at 4 cm depth stayed anoxic during the
24 h it was monitored (i.e. both at high and low tide; data
not shown). During high tide, water column O2 concentra-
tions were higher during the daylight tide at 256 to
371 mM O2 (air equilibrium = 249.3 mm at 20 °C and 22 ppt
NaCl) than during the night tide with 212 to 228 mm O2.
Alkalinity was 2.2 mequiv. L-1, salinity 22 ppt, and with pH
varying between 7.80 in the morning and 8.45 during the
afternoon.

Rhizome pO2 was measured in natural stands of S. an-
glica during two consecutive tidal submergence events; one
in daylight and one during night-time. To evaluate the
importance of leaf gas films for rhizome pO2 during inun-
dation causing complete submergence, the formation of
leaf gas films was prevented by brushing the leaves in
three patches with 0.1% v/v Triton X in bay water, while
three other patches served as controls. During low tide,
rhizome pO2 of plants with shoots in air varied from 18.4
to 21.8 kPa and there was no significant difference in
rhizome pO2 between the treatment and control plants.
Inundation resulted in a dramatic drop of the rhizome pO2

in both control and treatment plants, but rhizome pO2

remained significantly higher in plants with leaf gas films
intact, both when in light (Fig. 1) as well as in darkness
(Fig. 2). When inundated in daylight (Fig. 1), rhizome pO2

of S. anglica decreased from ~18 kPa prior to submer-
gence, to ~10 kPa (lowest mean pO2 value before pO2

starts to rise after re-exposure to air when tide receded)
with leaf gas films intact, but declined further to 6.0 kPa
with leaf gas films removed (i.e. pO2 with leaf gas films
intact was 1.8-fold higher than when gas films were
removed; Table 2). During night (Fig. 2), inundation
caused pO2 in the rhizomes to decrease from 12.4 to
5.0 kPa in plants with intact gas films, but dropped much
lower for plants without gas films to 1.4 kPa (i.e. rhizome
pO2 was 3.7-fold higher in plants with leaf gas films;
Table 2). Interestingly, when shoots were in air, rhizome
pO2 was significantly higher during daylight hours than
during the night (Figs 1 & 2, Table 2).

S. anglica O2 dynamics in roots –
laboratory experiments

Root pO2 was measured in six hydroponically grown S. an-
glica plants under controlled laboratory conditions to verify
the in situ data and to evaluate the influence of leaf gas films
on root pO2. We measured root pO2 during submergence of
plants with or without leaf gas films, both in light and dark-
ness (Fig. 3). Root pO2 values when the shoots were in air
and in light ranged from 9.5 to 16.4 kPa, and in darkness
from 8.4 to 12.4 kPa (Table 2), with mean values not signifi-
cantly different between light and dark regimes. Submer-
gence during light with leaf gas films intact decreased root
pO2 to 78% of initial values with an average of 10.2 kPa,
whereas removal of the leaf gas films further reduced root
pO2 to 37% of initial values with shoots in air, resulting in
an average root pO2 of 4.8 kPa in submerged plants without
leaf gas films. Submergence during dark resulted in a
decrease to 35% of initial values and removal of leaf gas
films further reduced it to 2.5% of initial values, resulting in

(a)

(b)

Figure 1. Tidal inundation and rhizome pO2 during daylight of
Spartina anglica in a coastal salt marsh in Skallingen, Ho Bay,
Jutland, Denmark. Temperature (a; solid line) and light (a;
shaded area) from noon to 2100 h were measured at sediment
height. pO2 was measured by inserting O2 microelectrodes into
the horizontal rhizomes of three control plants (b; bold lines) and
of three plants where the leaf gas films were removed just prior
to tidal inundation (b; thin lines). The O2 microelectrodes were
inserted 1000 mm into rhizomes approximately 4 cm below the
sediment surface. The dashed line shows the pO2 of the
surrounding air or the surrounding tidal water during
submergence. Vertical dotted lines indicate the period of
complete inundation. Sediment was anoxic (data not shown). The
microelectrode monitoring tidal water pO2 was mounted 5–10 cm
above the canopy and so, the trace does not reflect the duration
of complete inundation. Means are summarized in Table 2.
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an average root pO2 of 0.3 kPa for plants submerged
without leaf gas films.

Underwater net photosynthesis

Underwater net photosynthesis of leaves with or without
gas films was measured at light saturation (550 mmol
photons m-2 s-1) with 15 mm free CO2 and 2.2 mm KHCO3

(Table 3). Leaves with gas films had a 2.7-fold higher under-
water net photosynthesis (0.54 mmol O2 m-2 s-1) compared
with leaves without gas films (0.20 mmol O2 m-2 s-1). The
rates of underwater net photosynthesis compare with pho-
tosynthesis in air by leaves of S. anglica of 12.5 mmol m-2 s-1

(Mallott et al. 1975) so that underwater net photosynthesis
with leaf gas films was 4% and without leaf gas films 2% of
rates in air.

Underwater O2 uptake in darkness

Underwater respiration by lamina segments with or without
gas films was measured when in water near air equilibrium

O2. There was no significant difference in respiration of
leaf segments with (0.53 mmol O2 m-2 s-1) and without
(0.50 mmol O2 m-2 s-1) gas films when in water with O2 at
near air equilibrium (Table 3).

DISCUSSION

The present study evaluated the influence of leaf gas films
on internal aeration of rhizomes of a salt marsh plant (S. an-
glica) in the field during tidal submergence, both in daylight
and during the night. We also evaluated, in laboratory
experiments, underwater net photosynthesis, tissue poros-
ity, root O2 status and other features of S. anglica, as related
to submergence tolerance. We found that, when challenged
by complete submergence lasting for several hours: (1) pO2

in rhizomes and roots showed substantial declines both in
light and dark submergence events; (2) underwater net pho-
tosynthesis was stimulated by the presence of leaf gas films
and that higher underwater photosynthesis translated into
higher pO2 in belowground tissues; and (3) night-time O2

uptake from the surrounding water, and thus internal pO2,
was significantly increased by the presence of leaf gas films.
The eco-physiological implications of these key findings are
discussed next.

Root and rhizome aeration of S. anglica is
negatively influenced by tidal inundation

During submergence, internal aeration of tissues can be
restricted because of constraints on O2 uptake, primarily
because of the slow diffusion of gases in water compared
with in air (Armstrong 1979). The constraints on O2 uptake
caused by tidal inundation resulted in declines in rhizome
pO2 of S. anglica (Figs 1 & 2) because the O2 supply from
shoots could not keep up with the demand in the roots and
rhizomes that rely on O2 supplied by the shoot when in
anoxic sediment (Revsbech et al. 1980). Declines in O2 were
also found in the shoot base of Spartina alterniflora during
tidal submergence (Gleason & Zieman 1981). The rhizome
of S. anglica has well-developed lacunae and a large central
hollow pith resulting in high tissue porosity (Table 1) facili-
tating gas phase diffusion of O2 from the shoot to the
rhizome and further into the roots that also contain aeren-
chyma. We found that during natural tidal submergence,
S. anglica was able to maintain oxic rhizomes both during
day and night, albeit at a pO2 level below atmospheric.
Following submergence, quasi-steady state levels were
reached within a few hours, indicating that even if floods
lasted longer, rhizomes would likely have continued to
receive O2. Our laboratory experiments showed that during
complete submergence, S. anglica was also able to keep the
upper part of the roots oxic over a prolonged period, as long
as leaf gas films were present.

In the field situation, pO2 in belowground tissues of
S. anglica while the shoot was in air was higher during
daytime than at night-time. A likely explanation could be
that the increased pO2 in the rhizomes was derived from

(a)

(b)

Figure 2. Tidal inundation and rhizome pO2 during night-time
of Spartina anglica in a coastal salt marsh in Skallingen, Ho Bay,
Jutland, Denmark. Temperature (a; solid line) and light (a;
shaded area) from midnight to 0930 h were measured at
sediment height. pO2 was measured by inserting O2

microelectrodes into the horizontal rhizomes of three control
plants (b; bold lines) and of three plants where the leaf gas films
were removed just prior to inundation (b; thin lines). The O2

microelectrodes were inserted 1000 mm into rhizomes
approximately 4 cm below the sediment surface. The dashed trace
shows the pO2 of the surrounding air or the surrounding tidal
water during submergence. Vertical dotted lines indicate the
period of complete inundation. The microelectrode monitoring
tidal water pO2 was mounted 5–10 cm above the canopy and so,
the trace does not reflect the duration of complete inundation.
Means are summarized in Table 2.
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photosynthesis in the leaf sheaths, which could be using
CO2 from the sediment (Hwang & Morris 1992; Winkel &
Borum 2009; Pedersen et al. 2011). Thus, any O2 produced
would elevate pO2 in the rhizome particularly if stomata are
few on the abaxial side of the sheath facing outside so that
gas exchange with the surrounding air would be restricted
and so downwards movement of O2 is promoted. Alterna-
tively, there could be a pressure-driven mass flow of air
occurring from the shoots and along the rhizome during the
day when shoots are in air, although it is uncertain if S. an-
glica has such flows. Pressure-driven flows have been shown
to occur in several wetland plants (Brix, Sorrell & Schierup
1996; Grosse,Armstrong & Armstrong 1996; Sorrell, Brix &
Orr 1997) and Hwang & Morris (1991) showed that shoots

of S. alterniflora are capable of hygrometric pressuriza-
tion, although orders of magnitudes lower than pressures
reported in Phragmites australis (Brix et al. 1996). If S.
anglica is also capable of hygrometric pressurization, and
if a through-flow pathway is present, rhizome pO2 would
then be higher during the daytime when the shoots were
in air. Any pressure-driven mass flow, if present, would
cease upon complete submergence of the shoots.

Leaf gas films enhance in situ pO2 in rhizomes
during tidal inundation

By possessing leaf gas films, root and rhizome pO2 of S.
anglica is enhanced during tidal inundation. During the
day, leaf gas films enable pO2 in the rhizome to remain
relatively high when submerged (10 kPa). Removal of gas

Table 2. Influence of leaf gas films on
rhizome (field) or root (laboratory) pO2

(kPa) in Spartina anglica with shoots in air
or shoots completely submerged

Control Treatment

In situ experiments
Rhizome pO2 (kPa) shoots in air

Day 18.3 � 1.0a 18.2 � 1.1a

Night 12.4 � 0.8a 12.3 � 0.8a

Rhizome pO2 (kPa) shoots submerged
Day 10.6 � 0.8a 6.0 � 0.4b

Night 5.0 � 0.6a 1.4 � 0.0b

Laboratory experiments Shoots in air Submerged +GF Submerged –GF
Root pO2 (kPa)

Light 13.0 � 1.4a 10.2 � 0.7a 4.8 � 1.0b

Dark 9.9 � 1.4a 3.5 � 1.5b 0.3 � 0.1c

Controls are plants with leaf gas films intact (abbreviated as +GF in lower part of the Table);
treated plants had leaf gas films removed (abbreviated as –GF in lower part of the Table)
with 0.1% Triton X just prior to inundation in the in situ experiments. In the laboratory
experiments, the leaf gas films were removed (0.05% Triton X) after quasi-steady state had
been achieved. Significant differences between the two treatments at each condition were
tested by Student’s t-test on in situ data. Two-way anova was used on square root trans-
formed data for the laboratory study. Data are mean � SEM; significance levels are P � 0.05
(n = 3).

(a) (b)

Figure 3. Effects of shoot submergence and removal of leaf
gas films on root pO2 in light (a) and in darkness (b) on
hydroponically grown Spartina anglica. pO2 was measured inside
an adventitious root approximately 2–4 cm from where it was
attached to the rhizome with both roots and rhizome in 0.1%
deoxygenated agar. Quasi-steady state with shoot in air was
established followed by complete shoot submergence in artificial
seawater in equilibrium with air (alkalinity 2.2 mequiv L-1,
pH 8.01, 15 mm CO2, pO2 20.6 kPa). Upon reaching quasi-steady
state when submerged, the shoot was de-submerged and brushed
with 0.05% Triton X to remove leaf gas films before again being
completely submerged. Three replicates of each treatment were
made; means are summarized in Table 2.

Table 3. Underwater net photosynthesis and dark respiration of
Spartina anglica leaf segments with or without gas films

Parameters With gas film Without gas film

Underwater net photosynthesis
(mmol O2 m-2 s-1)

0.54 � 0.04a 0.20 � 0.03b

Underwater dark respiration
(mmol O2 m-2 s-1)

0.53 � 0.01a 0.50 � 0.01a

Leaves were excised just prior to use from plants collected from
the Ho Bay field site. Experiments were conducted at 20 °C and
550 mmol photons m-2 s-1 of PAR. The medium used was artificial
sea water based on a culture medium from Smart & Barko (1985)
with 513 mm NaCl added (30 ppt). Alkalinity was 2.2 mequiv. L-1

and contained 15 mm CO2. Underwater respiration was measured in
water at 84–100% air equilibrium. SLA is given in Table 1, so as to
enable conversions to a dry mass basis if needed. Significant differ-
ences were tested by Student’s t-test. Data are mean � SEM;
significant levels are P � 0.05 (n = 5).
PAR, photosynthetically active radiation; SLA, specific leaf area.

Leaf gas films improve aeration during submergence 2089

© 2011 Blackwell Publishing Ltd, Plant, Cell and Environment, 34, 2083–2092



Chapter 2.

23

films resulted in declines in rhizome pO2, but these were still
oxic (6 kPa). During night, rhizome pO2 levels for plants
with leaf gas films declined to 5 kPa, but without leaf gas
films pO2 in the rhizomes dropped to 1.4 kPa. Whether this
drop in pO2 has adverse effects on growth and cell function-
ing is uncertain but the lower pO2 in rhizomes would have
resulted in even lower pO2 in the roots (further from O2

source), as demonstrated in the laboratory experiments
during dark (Fig. 3b). Our data showed that leaf gas films
were critical for the supply of O2 to rhizomes and roots
during complete submergence, especially at night when no
light is available for photosynthesis.

Underwater photosynthesis allows S. anglica to maintain
roots and rhizomes with a supply of O2 when the shoots are
completely submerged. While underwater photosynthesis
was only 4% of photosynthesis in air (Table 3; Mallott et al.
1975), the O2 produced elevates pO2 of roots and rhizomes
above levels when submerged in the dark. In situ, we found
that even if the water was muddy and light attenuation was
high (Fig. 1), underwater photosynthesis was still sufficient
to raise rhizome pO2 above levels when in darkness (Fig. 2).
The decline in pO2 after the initial rise (Fig. 1) could be
explained by a depletion of internal CO2 until a new steady
state is achieved between CO2 supply and consumption in
photosynthesis. The production of O2 was insufficient to
maintain rhizome pO2 at a level similar to those prior to
submergence, presumably because of constraints on CO2

uptake from the water that had between 5 and 26 mm
CO2. Light attenuation was likely of less importance than
restricted CO2 supply as light availability was above
1500 mmol photons m-2 s-1 at the sediment surface prior to
inundation, after which it fell to around 300 mmol photons
m-2 s-1 (Fig. 1).

Leaf gas films enhance underwater O2 uptake
during dark

Leaf gas films can enhance dark uptake of O2, and particu-
larly at low O2 availability (Colmer & Pedersen 2008b). In
the present study at air equilibrium O2, leaf gas films did not
benefit underwater dark respiration by leaf segments of
S. anglica (Table 3). During the in situ measurements, water
O2 concentrations varied at night between 213 and 228 mm
O2 (15.6–16.6 kPa O2), which is 72–77% of air equilibrium.
Colmer & Pedersen (2008b) have shown that leaf segments
of P. australis are capable of sustaining underwater O2

uptake down to external O2 concentrations of 60 mm if the
leaves have intact gas films; below that concentration, dif-
fusion limitations restrict O2 uptake. When the gas films
were removed from P. australis, underwater O2 uptake was
diffusion limited even at air saturation (20 °C = 284 mM O2).
This was not the case for S. anglica; O2 uptake by leaf seg-
ments with or without gas films was not O2 limited when in
water near air equilibrium. Gas films on leaves of S. anglica
were, however, important for root and rhizome aeration
during submergence. Whole plant dark O2 uptake was not
measured. However, as leaf gas films enhanced root and

rhizome pO2 during dark, this demonstrates that leaf gas
films alleviate a bottleneck that exists for O2 entry via
leaves.

The mechanism by which the leaf gas films function has
been described as an enlargement of the water-gas interface
(cf. plastrons of insects, Hebets & Chapman 2000), but the
possibility of stomata to remain open under water and
thereby to continue to function as a conduit for gas distri-
bution from the gas films to the inside of the plant has also
been put forward (Colmer & Pedersen 2008b). Scanning
electron micrograph images show that the abaxial side of
S. anglica leaves is much smoother and has very few
stomata compared with the heavily ridged adaxial side with
more than 99% of the stomata (Fig. 4,Table 1, Maricle et al.
2009). This coincides with leaf gas films only being present
on the adaxial side of the leaves. While this is speculative,
for S. anglica to have almost all stomata located on the side

(a)

(b)

(d) (e)

(c)

Figure 4. In situ measuring set-up with O2 electrodes in a salt
marsh in Skallingen, Ho Bay, Jutland, Denmark (a), scanning
electron micrographs (b, c) and water droplet responses (d, e) on
leaves of Spartina anglica. The in situ pO2 measurements were
taken in a population of S. anglica completely inundated during
high tide. Scanning electron micrographs and water droplet
contact angles were determined for the adaxial (b, d) and abaxial
(c, e) sides of the leaves. Scale bar (in b, c) = 100 mm.
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that has a gas film when under water, could be of adaptative
value to submergence tolerance.

Eco-physiological implications

Leaf gas films enhance rhizome pO2 during tidal inundation
in natural stands of S. anglica. Enhanced underwater pho-
tosynthesis because of leaf gas films not only elevates inter-
nal pO2, but the gas film also facilitates O2 entry during
submergence in darkness. In addition to the leaf gas films,
large volumes of aerenchyma in sheaths, rhizomes and roots
are adaptive traits possessed by S. anglica to enhance inter-
nal aeration and thus growth despite frequent inundation in
lower salt marshes.
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Chapter 3

Internal aeration of paddy field rice (Oryza sativa) during 
complete submergence- importance of light and CO2
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Leaf gas film on a leaf of rice (Oryza sativa) during complete submergence in a paddy 
field at IRRI in the Philippines. Photo by Ole Pedersen.
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Preface

This chapter was published in New Phytologist in volume 197 issue 4 in 2013. Although 

I had studied in situ internal aeration and the role of leaf gas films in Spartina anglica 

during complete submergence several areas of inquiry remained. To evaluate the effects 

of leaf gas films, light, floodwater CO2 and O2 on internal aeration during a prolonged 

flood (more than the short tidal submergence of Spartina anglica) my supervisors sug-

gested that we collaborate with Dr Abdelbagi at IRRI in the Philippines to run field-based 

experiments on submerged rice. At IRRI we had experimental paddy fields planted with 

the tolerant rice genotype Swarna Sub1 available. This allowed us to flood an entire 

experimental field under controlled circumstances while monitoring root O2. Professor 

Colmer and Professor Pedersen set up the collaboration with Dr Abdelbagi and provid-

ed constructive ideas and feedback on the experiment. Professor Colmer and Professor 

Pedersen and Anja Fløytrup also helped with technical assistance which was necessary 

to conduct the experiment in the short time available to us at IRRI. I conducted most of 

the experimental work and most of the work involved in preparing this chapter including 

data acquisition and analysis and the writing, with feedback on drafts from my supervi-

sors.
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Summary

� Flash floods can submerge paddy field rice (Oryza sativa), with adverse effects on internal

aeration, sugar status and survival. Here, we investigated the in situ aeration of roots of rice

during complete submergence, and elucidated how underwater photosynthesis and floodwa-

ter pO2 influence root aeration in anoxic soil.
� In the field, root pO2 was measured using microelectrodes during 2 d of complete submer-

gence. Leaf gas films that formed on the superhydrophobic leaves were left intact, or experi-

mentally removed, to elucidate their effect on internal aeration.
� In darkness, root pO2 declined to very low concentrations (0.24 kPa) and was strongly cor-

related with floodwater pO2. In light, root pO2 was high (14 kPa) and primarily a function of

the incident light determining the rates of underwater net photosynthesis. Plants with intact

leaf gas films maintained higher underwater net photosynthesis relative to plants without gas

films when the submerged shoots were in light.
� During complete submergence, internal aeration of rice in the field relies on underwater

photosynthesis during the day and entry of O2 from the floodwater during the night. Leaf gas

films enhance photosynthesis during submergence leading to improved O2 production and

sugar status, and therefore contribute to the submergence tolerance of rice.

Introduction

Complete submergence presents an array of challenges to terres-
trial plants, among which internal aeration is paramount
(Armstrong, 1979). Paddy field rice is generally tolerant to water-
logging and partial submergence (Colmer, 2003), but lowland
rice can also experience flash floods that completely inundate the
plants for 10–15 d (Zeigler & Puckridge, 1995). In the rainfed
lowlands of India, submergence is considered as the third most
important limitation to rice production, after drought at anthesis
and weeds (Widawsky & O’Toole, 1990). Internal aeration of
rice during submergence has been studied in laboratory experi-
ments (Waters et al., 1989; Colmer & Pedersen, 2008a), and the
findings are considered below, whereas in situ (i.e. field) data only
exist for deepwater rice (Setter et al., 1987), which elongates
substantially to remain in contact with the atmosphere during
rising floodwaters, a markedly different situation and response to
that of completely submerged lowland rice (Bailey-Serres &
Voesenek, 2008; Bailey-Serres et al., 2010).

The flooding environment experienced by terrestrial plants
invokes constraints of greatly restricted gas exchange and low
light in comparison to when shoots are in air (Mommer &
Visser, 2005; Colmer et al., 2011). Diffusion in water is 104-fold
slower than in air, which severely impedes O2 and CO2 exchange
between the plant and the environment (Armstrong, 1979).

Moreover, O2 solubility in water is low and natural diurnal fluc-
tuations of O2 in the floodwater can result in hypoxic conditions
at dawn following a night-time period in which net O2 consump-
tion has occurred as a result of system respiration (Setter et al.,
1988). During the day, O2 produced by underwater photosyn-
thesis by plants and microalgae can again increase the O2 concen-
tration that peaks in the late afternoon (Ram et al., 1999). As a
consequence of the tight coupling between respiration and under-
water photosynthesis, CO2 in the floodwater follows the opposite
pattern of O2, with the highest concentrations at dawn and the
lowest concentrations during the late afternoon (Sand-Jensen &
Frost-Christensen, 1998). In addition, floodwaters are also often
turbid because of suspended inorganic particles and microalgae
(Setter et al., 1987), and this will further decrease the potential
for underwater photosynthesis of rice (and other plants) when
completely submerged (Das et al., 2009).

Plants can photosynthesize when under water provided that
both the light and CO2 levels are sufficient. In air, CO2 enters
the tissue via open stomata, whereas, under water, the stomata
are hypothesized to close (Mommer & Visser, 2005), or, at least,
when surrounded by water, the high boundary layer resistance
greatly slows down gas exchange. Therefore, CO2 first has to
overcome the resistance caused by the aqueous diffusive bound-
ary layer via slow molecular diffusion and then subsequently cross
the cuticle which also adds significantly to the total resistance to
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CO2 uptake (Mommer & Visser, 2005). Although most floodwa-
ters contain CO2 concentrations above air equilibrium levels,
underwater photosynthesis is still restricted by low CO2 supply
caused by the much higher resistance for leaf uptake when under
water (Colmer et al., 2011). When submerged, some terrestrial
wetland plants acclimate to facilitate gas exchange with the water
by the production of new ‘semi-aquatic’ leaves which are thin, as
well as having reduced cuticles and rearrangement of chloroplasts
closer to the epidermis, all resulting in lower resistance to CO2 dif-
fusion to chloroplasts (Mommer & Visser, 2005; Mommer et al.,
2005). This strategy requires investment in new acclimated leaves.
Some terrestrial wetland plants, including rice, however, can pho-
tosynthesize under water with their pre-existing aerial-type leaves,
as these retain a thin gas film when submerged (Raskin & Kende,
1983; Colmer & Pedersen, 2008b). Leaf gas films greatly facilitate
gas exchange with the floodwater (Colmer & Pedersen, 2008b;
Pedersen et al., 2009; Pedersen & Colmer, 2012) and, as no
period of acclimation is needed, this feature functions well during
recurring floods, such as in the tidal zone (Winkel et al., 2011).
The increased gas exchange with the floodwater caused by the
presence of leaf gas films results in improved CO2 uptake and
underwater net photosynthesis during the day and improved
internal aeration during the night, for submerged plants (Colmer
& Pedersen, 2008b; Pedersen et al., 2009; Colmer et al., 2011;
Winkel et al., 2011; Pedersen & Colmer, 2012).

Underwater net photosynthesis and internal aeration of paddy
rice have been studied under laboratory conditions. Waters et al.
(1989) described the diurnal fluctuations of radial O2 loss (ROL)
from roots of completely submerged rice, with higher ROL dur-
ing light periods than when shoots were in darkness. They also
showed that root tip O2 declined to very low levels during dark
periods, so that root growth ceased. When light was again avail-
able, root growth commenced as photosynthetic O2 moved from
the shoots via the aerenchyma to the root tips. More recently, the
crucial role of leaf gas films for internal aeration, underwater net
photosynthesis and growth of submerged rice was demonstrated
in controlled-environment experiments. Pedersen et al. (2009)
showed that the pO2 (oxygen partial pressure, kPa) near the root
tip dropped to critically low values (0.1 kPa) in the dark on
experimental removal of the leaf gas films from submerged rice,
and, in the light, root pO2 also decreased on removal of the gas
films as a consequence of lower net photosynthesis under water.
Leaf gas films, and the resulting rates of underwater net photo-
synthesis, enabled completely submerged rice to grow during 7 d
of submergence as well as control plants with shoots in air in a
controlled-environment experiment (Pedersen et al., 2009).

In the present study, we conducted the first in situ (i.e. field)
real-time measurements of pO2 in rice roots during a submer-
gence event, and our measurements spanned > 2 d. We tested the
effect of the removal of leaf gas films on internal aeration and tis-
sue sugar status of submerged rice in a field situation. Moreover,
we monitored environmental parameters of floodwater pO2, pH,
temperature, alkalinity (and thus calculated the dissolved CO2)
and light in order to unravel the effect of the complex relation-
ships between underwater photosynthesis and floodwater pO2 on
internal aeration of submerged rice. We tested three hypotheses:

(1) in darkness, root pO2 declines on submergence because of
constraints in O2 uptake by the shoot from the floodwater; (2)
during the day, root pO2 increases as underwater net photosyn-
thesis supplies O2, but internal pO2 might fluctuate as light avail-
ability is variable across the day; and (3) leaf gas films improve
the internal aeration of submerged rice during the day, as
enhanced CO2 uptake promotes photosynthesis, supplying
endogenously produced O2, and during the night via enhanced
O2 uptake from the floodwater.

Materials and Methods

Plant materials and field site

Root pO2 field experiments were conducted in the wet season
(October to November) in the submergence field (bunded field)
facilities at the International Rice Research Institute at Los Ba~nos,
the Philippines, with the field and soil type described previously
(Singh et al., 2009). Rice (Oryza sativa L., cv Swarna-Sub1) was
sown in a seedbed in September 2011, and 14-d-old seedlings
were subsequently transplanted at 20 cm9 20 cm spacing into a
waterlogged paddy field surrounded by bunds to enable submer-
gence to be imposed. Swarna-Sub1 is a dwarf rain-fed lowland
Indian variety introgressed with the SUB1A quantitative trait
locus that confers submergence tolerance through restricted
underwater elongation (Xu et al., 2006). Experiments were com-
menced 14 d after transplanting, so that plants were 4 wk old
(mean height, 28.9� 1.1 cm; main stem leaf number, 5.7� 0.21;
number of tillers, 2� 0.21; tallest tiller height, 12.3� 5.4 cm;
values are means� SE, n = 5). Complete submergence was
achieved by flooding with reservoir water (4.8 mM alkalinity; elec-
trical conductivity (EC), 650 lS cm�1; pH 7.9–8.2; water tem-
perature, 26.6–31.9°C). Control plants (nonsubmerged plants)
were grown adjacent to the floodable field also in a paddy field.

We also conducted a second field experiment with potted
plants from the same batch as stated above, except that these were
not transplanted into the field, but instead kept in pots and
placed in another paddy field and subsequently flooded with res-
ervoir water (water parameters measured each morning at 10:00 h
were, on average, 5.3 mM alkalinity, EC = 650 lS cm�1, pH
7.96 and water temperature of c. 29°C). Pots were 15 cm in
diameter and 19 cm deep. The soil type was Maahas (described
in Tirol-Padre & Ladha, 2004). There were eight pots with four
plants in each; two plants in each pot were brushed with 0.01%
(v/v) Triton X-100 in ‘artificial floodwater’ (composition in the
section ‘Net photosynthesis under water and in air’) to remove
the gas films; the remaining two plants served as controls with gas
films intact. The pots were submerged and the plants were har-
vested after 1, 3, 5 and 7 d of complete submergence. The plants
were then divided into tissue samples of leaf blades, sheath/stem
and roots.

In situ pO2 dynamics in roots

Root pO2 was measured in situ for plants in the submergence
field. O2 microelectrodes (OX-25; Unisense A/S, Aarhus,
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Denmark), with a tip diameter of 25 µm, were used to measure
pO2 inside the roots. Two YSI probes (Pro 1020; YSI, Yellow
Springs, OH, USA) were used to monitor floodwater pH, tem-
perature and O2. Microelectrodes and YSI probes were calibrated
at known temperature in water at air equilibrium (20.6 kPa O2)
and in anoxic water (0 kPa O2) containing 0.1 M sodium ascor-
bate and 0.1M NaOH, and the microelectrode signal was cor-
rected to ambient temperature using the procedure of Greve et al.
(2003).

Small excavations in the soil were carefully made adjacent to
individual plants to expose the upper few cm of the adventitious
roots (c. 4 cm below the soil surface, the depth of the shoot base).
A spray bottle with floodwater was used to rinse mud off the
roots. When the excavation was complete, aluminum stands were
fixed in the soil adjacent to the plant and mounted with mi-
cromanipulators (MM33; Unisense A/S; Fig. 1a). The O2 micro-
electrode tip was inserted c. 200 lm into the adventitious root
and so was in the cortex, c. 10 mm below the root–shoot junc-
tion. Positioning of the microelectrode followed the procedure of
Borum et al. (2005). The excavation was refilled with wet soil
after positioning of the microelectrode was complete. Nine mi-
croelectrodes were placed in nine plants, five of which were con-
trols with leaf gas films intact and four were treatments with leaf
gas films removed. Of the nine microelectrodes, four produced

reliable daytime traces and three night-time traces, whereas the
remaining five were broken or misaligned because of the unstable
substrate causing movements of the setup as we worked in the
paddy field. The experiment was repeated with nine microelec-
trodes inserted in the leaf sheath bases (5 cm below the soil sur-
face) of plants in a second field. Five produced reliable daytime
traces and three night-time traces of submerged plants, whereas
three microelectrodes placed in the sheaths of plants for which
the shoots remained in air in a third field were broken because of
wind gusts causing plants with shoots in air to move (Figs 2, S2,
S3). The leaves of selected plants were brushed with a diluted
Triton X-100 solution (0.01% v/v in artificial water) and then
rinsed with floodwater, c. 3 h before release of the water into the
field, to reduce surface hydrophobicity so that gas films did not
form on submergence (cf. Winkel et al., 2011).

(a)

(b) (c)

Fig. 1 Photographs of in situ set-up of microelectrodes in a rice field for
measurements of internal aeration during submergence (a) and of leaves
showing gas films of submerged rice (Oryza sativa) (b, c). Submergence
experiments were conducted in a bunded field at the International Rice
Research Institute, the Philippines, with O2 microelectrodes inserted into
the adventitious roots of 4-wk-old plants (after germination). On
submergence, rice forms a prominent gas film on the leaf lamina (b) and
underwater photosynthesis may result in bubble formation on the
completely submerged plants (c). Photographs were taken on the first full
day of submergence (b, c) and immediately after de-submergence (a).
Bars: (b, c) 5 mm.

(a)

(b)

(c)

Fig. 2 Partial pressures of O2 (pO2) in roots of rice (Oryza sativa) and
floodwater O2 and CO2 during a complete 2-d submergence event in a
bunded field at the International Rice Research Institute, the Philippines.
Adventitious root pO2 (a) was measured using O2 microelectrodes
inserted c. 200 lm into the root, 10mm below the root–shoot junction, in
two plants with intact leaf gas films (solid lines) and in two plants in which
the gas films had been removed by brushing with 0.01% Triton X-100 just
before submergence (grey dashed lines); vertical dashed lines represent
submergence/de-submergence. Roots were buried in the anoxic soil with
the root–shoot junction c. 4 cm below the soil surface, so that root pO2

entered from the shoot via aerenchyma. Only intermittent data are
available during the night for plants without leaf gas films. Water depth
varied from 48 to 50 cm above the soil during submergence. Surface light
(b) was measured c. 440m from the bunded field using a weather station.
Floodwater pO2 (c; solid line) was measured every minute using an
automatic Clark-type O2 electrode, and floodwater CO2 (c; dashed line)
was calculated from the pH (measured every 15min), alkalinity (measured
every morning), temperature (measured every minute) and electrical
conductivity (measured every morning).
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To submerge the plants, a water inlet from the reservoir was
opened and the field was flooded at c. 15 cm h�1 to a depth of
c. 50 cm above the soil, so that all plants were completely
submerged. The experiment lasted for 89 h, spanning 4 d, with
the plants completely submerged for 48 h, followed by a period
of de-submergence when the field was drained. The timeline of
the complete experiment was as follows: at 13:00 h of day 1, the
plants were chosen and those selected for treatment were
brushed with 0.01% (v/v) Triton X-100; microelectrodes were
inserted into the plants between 14:00 h and 16:00 h of day 1;
at c. 16:00 h, water was let into the field and the plants were
completely submerged by c. 18:00 h. Forty-eight hours later, at
18:00 h of day 3, water was drained from the bunded field. The
experiment was concluded when the electrodes were removed in
the afternoon of day 4.

Water samples were taken for alkalinity measurements using a
Gran titration (Stumm & Morgan, 1996) each morning during
the submergence period, and light attenuation of the floodwater
(at the surface and 20 cm below the surface) was also measured
each day using a spherical PAR sensor (US-SQS/L; Walz,
Effeltrich, Germany).

Net photosynthesis under water and in air

Underwater net photosynthesis was measured on excised leaf seg-
ments with varying dissolved CO2 concentrations. Four replicate
leaves (the youngest fully expanded from four different plants)
were taken from the control field and used for underwater net
photosynthesis measurements. Two 20-mm leaf segments
(c. 200 mm2) were excised halfway up the blade. One segment
was used as control (leaf gas film present) and the other was brushed
with 0.01% (v/v) Triton X-100 solution in artificial floodwater
for the ‘no leaf gas film’ treatment. Underwater net photosynthe-
sis was measured at 30°C using 25-ml glass vials with two glass
beads added to ensure mixing according to the method of
Colmer & Pedersen (2008b), with photosynthetically active radi-
ation (PAR) inside the vials of 760� 60 lmol m�2 s�1

(mean� SE, n = 10). Vials without leaf segments served as
blanks.

The incubation medium was artificial floodwater based on a
general purpose culture medium described by Colmer & Peder-
sen (2008b). Various amounts of KHCO3 were added to the arti-
ficial floodwater, and 0.1M HCl was used to adjust the pH
(6.3–8.7), thus converting HCO�

3 to free CO2, in order to
achieve the desired levels of dissolved CO2 (20–5000 lM), whilst
keeping the alkalinity (sum of alkaline ions, mainly HCO�

3 )
constant at 5 mM (Mackereth, 1978).

Following incubations of known durations (30–50 min), the
dissolved O2 concentration in each vial was measured using an
O2 minielectrode (OX-500; Unisense A/S) connected to a mul-
timeter (MicroSensor Multimeter; Unisense A/S). All leaf sam-
ples were freeze dried and the dry mass (DM) was recorded. A
relationship between DM and area was established for segments
from the same types of leaves, so that the projected area of each
leaf segment could be calculated. Four replicates were used for
each gas film and CO2 level treatment combination.

Net photosynthesis in air was measured on the most recent
fully expanded leaf using an infrared gas analyzer (IRGA)
(LI-6400; Li-Cor, Lincoln, NE, USA) at PAR of 750 lmolm�2 s�1

and CO2 of 380 ll l
�1 at 30°C between 10:00 h and 11:00 h.

Leaf characteristics (area : DM, tissue porosity, gas film
thickness)

To establish the area : DM ratio of the lamina, the mid-sections
(c. 20 mm) of the lamina of the youngest fully expanded leaves
from 10 plants from the control field were scanned (V70; Epson,
Nagano, Japan). The leaf segments were then oven dried for 48 h
at 60°C to constant mass and weighed. The individual scanned
areas were then printed on paper and cut out, and the areas were
measured using a leaf area meter (LI-3000; Li-Cor).

External gas film volume and tissue porosity (percentage of gas
spaces per unit volume of tissue) were measured for leaves by
determining the tissue buoyancy before and after gas film
removal, followed by vacuum infiltration of the gas spaces with
water, using the method of Raskin (1983) with equations as
modified by Thomson et al. (1990). Leaf laminae were cut into
5-cm segments for the measurements; only mid-leaf lamina seg-
ments were used. The leaf segment area was calculated from the
area : fresh mass (FM) ratio. The gas film thickness was estimated
by relating the gas film volume to the total leaf surface area (i.e.
both sides), as rice has gas films on both the adaxial and abaxial
sides of the leaf (Pedersen et al., 2009).

Tissue sugar concentration and total leaf chlorophyll
concentration

Chlorophyll concentration was measured in the leaf segments
used for underwater net photosynthesis, as well as on leaf seg-
ments taken from other plants in the experimental field. The
leaf segments were flash frozen in liquid N2, freeze dried for
48 h and stored in a freezer at �80°C until analysis. Chloro-
phyll was extracted in 80% acetone at 5°C for 12 h in dark-
ness, and light extinction in extracts was measured at 652 nm
on a spectrophotometer (UV-VIS 1800; Shimadzu, Nishino-
kyo, Kyoto, Japan). Chlorophyll concentrations were calculated
from the light absorption using the equations of Mackinney
(1941).

Tissue sugar concentrations were measured on leaf blades,
sheath/stem and root samples from the second field experiment
using potted plants. The tissue samples were flash frozen in liquid
N2, freeze dried for 48 h and stored in a freezer at �80°C until
analysis. Sugars were extracted from tissue samples boiled twice
in 80% ethanol with reflux for 20 min. Total sugar levels in the
extracts were measured using anthrone (Fales, 1951) and a spec-
trophotometer (UV-VIS 1800; Shimadzu).

Data analyses

GraphPad Prism 5 (GraphPad Software Inc., http://www.
graphpad.com) was used to fit models and for data analysis, and
two-way ANOVA with Bonferroni post hoc test was used to
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compare the means of the differences in sugar and chlorophyll
concentrations for plants with and without leaf gas films. A mod-
ified nonlinear Jassby & Platt (1976) equation was used to model
data for the CO2 response curve (Fig. 3) and for root pO2 as a
function of light (Figs 5, S3). A linear least sum of squares was
used to fit the data on root pO2 as a function of floodwater pO2

(Fig. 4). Student’s t-test was used to test for differences in treat-
ments in the CO2 response curve (Fig. 3) at low nonsaturating
CO2 concentrations.

Results

Environmental parameters of the floodwater

Floodwater pO2 followed a diurnal pattern, with the lowest val-
ues in the early morning just before sunrise, being well below air
equilibrium (5.2 kPa or 62 lmol O2 l

�1). During the light
period, floodwater pO2 increased throughout the day and peaked
just before sunset, reaching 19 kPa or 214 lmol O2 l

�1 (just
below air equilibrium of 20.6 kPa or c. 236 lmol O2 l

�1 at 30°
C), and then declined again during darkness. Using the alkalinity
(4.83 mM), pH and EC (650 lS cm�1) data for the floodwater
in the field, the CO2 concentration in the floodwater was calcu-
lated throughout the submergence period. pH was lowest in the
early morning (7.9) and highest in the late afternoon (8.22).
Thus, CO2 followed the opposite diurnal pattern to that of O2

(low during the afternoon, highest towards the end of the night),
but dissolved CO2 was always above the air equilibrium value
(at 30°C, c. 11 lM), with values ranging from 54 to 108 lM.
Light extinction of the floodwater was �1.75 m�1, resulting in
65% of surface radiation reaching mid-canopy height of the
submerged rice plants (depth, 0.25 m).

Leaf porosity and leaf gas film thickness

The porosities of the leaf blades and leaf sheaths were measured,
as the amount of gas space within a tissue determines the capacity
for the internal diffusion of gases. Porosity for the leaf blades was
9.6� 1.2% (n = 4) and for the leaf sheaths was 56.1� 0.9%
(n = 4). The leaf gas film thickness was 57.0� 5.3 lm (n = 4).

Root pO2 dynamics during complete submergence of rice
in a field

Root pO2 was measured to determine the in situ O2 status of
completely submerged rice in field conditions. Root pO2 was
highly variable during the light cycle, with high light intensities
corresponding with high values of root pO2 (Fig. 2a). Just before
submergence, the root pO2 values of plants with shoots in air and
not brushed with 0.01% (v/v) Triton X-100 were 13.1 and
14.4 kPa, and those of plants that had been brushed with diluted
Triton X-100 were 9.8 and 11.2 kPa; the brushing and washing
resulted in some water covering the sheath–lamina junctions, so
that sheath photosynthesis was temporarily reduced (see transient
reductions for brushed leaves in Pedersen et al., 2009), which
could have impeded O2 entry or lowered internal production.
When submerged, during the daylight with periods of high light
intensity (noon on the first day of submergence), the root pO2

values of plants with intact gas films were 13.8 and 14 kPa, and,
for plants without leaf gas films, the root pO2 values were 10.5
and 11.8 kPa. During the night, root pO2 dropped to very low
minimum values of 0.24–0.42 kPa in plants with leaf gas films
and below detection (essentially 0.0) for the plant without leaf
gas films for which data were available during the night (Fig. 2a).

Fig. 3 Underwater net photosynthesis in leaf segments from 4-wk-old rice
(Oryza sativa) with or without gas films as a function of CO2 in the
medium. Lamina segments (20) were incubated for 30–50min in rotating
glass vials at 30°C, and net photosynthesis was measured as O2

production at a photon flux of 760 lmol photonsm�2 s�1. Data from
leaves with gas films were fitted to a Jassby & Platt (1976) model
(r2 = 0.68), and data from leaves without gas films were fitted to a linear
model (r2 = 0.96).

Fig. 4 Root pO2 during darkness in completely submerged rice (Oryza

sativa) vs floodwater pO2 in a bunded field at the International Rice
Research Institute, the Philippines. Root pO2 within adventitious roots was
measured using O2 microelectrodes inserted c. 200 lm into the root,
10mm below the root–shoot junction, in two plants with intact leaf gas
films (Plant 1, closed circles; Plant 2, open circles). Roots were buried in the
anoxic soil with the root–shoot junction c. 4 cm below the soil surface, so
that root pO2 entered from the shoot via aerenchyma. Data were fitted to
a linear model (r2 = 0.73) and were derived from the night-time data
shown in Fig. 2.
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The relationship between internal O2 and light (high internal
pO2 during periods with clear skies, lower pO2 in cloudy condi-
tions) and the very low internal pO2 during the night were con-
firmed in experiments on a second set of plants in a second field
with microelectrodes inserted into the leaf sheath bases, 5 cm
below the soil surface (Fig. S2).

Light intensities varied as a result of cloud cover with occa-
sional clear skies (Fig. 2b), with a maximum value of 954Wm�2.
During the first day of submergence, light intensities varied from
954 to 134Wm�2 in the time span between 08:00 h and
15:00 h, with the minimum value representing < 15% of the
maximum light intensity. During this period, root pO2 followed
the same pattern, with the highest pO2 values coinciding with the
highest light intensities and the lowest light intensities resulting
in root pO2 values of < 55% of the maximum. The cloud cover
and the resulting intermittent decrease in sunlight caused root
pO2 in all the plants to drop by almost 50%.

CO2 response curves of underwater net photosynthesis of
rice leaves with or without gas films

Underwater net photosynthesis of rice leaves with or without gas
films was measured at a PAR value of 760 lmol photons m�2 s�1

and at CO2 concentrations varying from 20 lM to 5000 lM
CO2. The highest CO2 concentration used was not relevant to
field conditions, but was included in order to evaluate whether
the differences between the two treatments could be removed by
the supply of very high CO2, so as to overcome diffusion limita-
tions to CO2 entry. The lower CO2 concentrations used covered
the range of those measured in the field floodwater. At 20 lM of
free CO2, there was a significant difference between the underwa-
ter net photosynthesis by leaf segments with or without gas films:
1.07� 0.09 and 0.30� 0.06 lmol O2 m

�2 s�1, respectively
(n = 4, one-tailed t-test, P < 0.001). At CO2 concentrations simi-
lar to those in the field (c. 75 lM CO2), the leaf segments with
gas films also showed significantly higher underwater net photo-
synthesis of 1.53 lmol O2 m

�2 s�1, compared with only
0.33 lmol O2 m

�2 s�1 for leaf segments without gas films (linear
regression of the underwater photosynthesis data between 20 and
250 lM where the data points were close to linear, CO2 satura-
tion not reached). CO2 saturation for leaves with gas films pres-
ent was reached at c. 1000 lM CO2, and, for leaves without gas
films, underwater net photosynthesis was apparently near satura-
tion at the highest CO2 concentration of 5000 lM used (net
photosynthesis rates by leaf segments with or without gas films
did not differ at this highest CO2 concentration, n = 4, one-tailed
t-test, P > 0.05, Fig. 3).

Taking into account these data on underwater net photosyn-
thesis (Fig. 3), together with the earlier presented data showing
that the root pO2 of plants with intact leaf gas films during the
first day is higher than that in plants without leaf gas films in the
in situ experiment (Fig. 2), it can be suggested that the higher
root pO2 is caused by the 4.6-times higher underwater net photo-
synthesis at ambient CO2 concentrations (c. 75 lM CO2) in the
floodwater. Relative to net photosynthesis in air of
33.8 lmol CO2 m

�2 s�1, underwater net photosynthesis by leaf

segments with CO2 near ambient levels in the field (c. 75 lM free
CO2) is 4.5% for leaves with gas films intact and only 1% for
those without gas films.

Floodwater pO2 influences root pO2 of completely
submerged plants when in darkness

To evaluate the influence of floodwater pO2 on root pO2 status
during the night, root pO2 values were plotted against the night-
time floodwater pO2 (Fig. 4). There was a positive correlation
between root pO2 and floodwater pO2 (Fig. 4, r

2 = 0.73).

Light determines root pO2 of completely submerged rice
during the daytime

To determine the effect of underwater net photosynthesis and
floodwater pO2 on root pO2 status during complete submer-
gence, we correlated the light intensities with root pO2 with a
temporal resolution of 15 min throughout the two daylight peri-
ods and fitted the data to a Jassby & Platt (1976) model. Because
the floodwater pO2 increased throughout the daylight period, we
also assessed the possible influence of this parameter by analyzing
the residual values from the Jassby & Platt model plotted against
the floodwater pO2 values.

There was a positive correlation between root pO2 and light
intensity, with varying maximum estimated root pO2 values of
plants with and without leaf gas films. Plants with leaf gas films
achieved a higher maximum estimated root pO2 value (10.8 kPa,
r2 = 0.70, n = 2) than that of the plants without gas films (7.0 kPa,
r2 = 0.44, n = 2) during the daylight periods of the submergence
experiment (Fig. 5a). These strong relationships indicate that
light is the main determinant of root pO2 in submerged rice dur-
ing the day, explaining 70% of the variation of plants with gas
films and 44% of the variation of plants without gas films.

To further elucidate the role of floodwater pO2 on root pO2

status during daylight, we plotted the root pO2 of plants with gas
films from both daylight periods against the light intensities
(Fig. 5b). By sorting the data points between morning and after-
noon periods, we could visualize the difference in root pO2 as
being dependent on light at different floodwater pO2 values, as
pO2 in the floodwater increased continually throughout the day-
light period, and thus was lower before noon and higher in the
afternoon (Fig. 2b). Interestingly, the data points before and after
noon were distributed below and above the Jassby & Platt model,
respectively, indicating that the model either under- or overesti-
mated the root pO2 values depending on the floodwater pO2.
Therefore, we plotted the residual values from Fig. 5(b) against
the floodwater pO2 and found a positive linear correlation
(Fig. 5d), suggesting that some of the unexplained variation of
the Jassby & Platt model could be attributed to the varying flood-
water pO2 values. To summarize, 46% (Fig. 5d; linear regression,
black line; r2 = 0.46) of the variation in root pO2 of submerged
plants with gas films during the daylight, which could not be
explained by irradiance, could be attributed to the changes in the
surrounding floodwater pO2, meaning that almost one-half of
the remaining 30% of the unexplained variation (70% of the
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variation was attributed to light) could be attributed to floodwa-
ter pO2 with a total explained variation of almost 85%. When
comparing plants with and without gas films in the first daylight
period, it seems that the root pO2 values of plants with gas films
are more strongly influenced by floodwater pO2 than are those of
the plants without gas films (Fig. 5c; r2 = 0.46 and 0.24, respec-
tively).

Tissue sugars and total chlorophyll concentrations in leaves
of rice

Sugar and chlorophyll concentrations during submergence were
measured for plants with or without leaf gas films. Total leaf
sugar concentration was significantly higher (P < 0.001, n = 4) in
plants with gas films intact for the initial 5 d, but, in both cases,
dropped to equally low levels at 7 d (Fig. 6a). Stem/sheath and
root soluble sugar concentrations also declined markedly with
time of submergence, but, in these tissues, there was no statisti-
cally significant difference between plants with or without leaf
gas films (Fig. 6b,c). Total leaf chlorophyll concentration
declined following submergence with no significant difference
between plants with or without leaf gas films (Fig. 6d).

Discussion

Internal aeration of paddy field rice was studied under field
conditions by monitoring pO2 in the adventitious roots of

completely submerged plants. In brief, we found that internal aer-
ation during the night relied on a steady O2 flux from the sur-
rounding floodwater into the shoots, and root pO2 declined
during the night to hypoxic levels (0–0.42 kPa) at dawn. Internal
aeration during the day was controlled mainly by O2 produced in
underwater photosynthesis, but also by floodwater pO2 status,
resulting in a more complex relationship between root pO2 and
the environment. By contrast, our attempt to assess the influence
of leaf gas films was less conclusive, with differences in root pO2

between plants with or without gas films only evident during the
first day of submergence and, furthermore, was limited by obtain-
ing only two successful replicates for each treatment. In this dis-
cussion, we consider the implications of these findings in a general
context of the submergence tolerance of terrestrial wetland plants,
and compare the response of rice with that of true aquatic plants
that have adapted well to the stressors evoked by inundation.

Inundation impedes O2 and CO2 exchange between plant tis-
sues and the environment because of the 104-fold slower diffu-
sion of gases in water compared with that in air (Armstrong,
1979). During the night, submerged plants rely on an inward
flux of O2 from the surrounding water to sustain aerobic respira-
tion. Although gas-filled porous tissues hold O2, either from ear-
lier contact with the atmosphere or from endogenously produced
O2 from photosynthesis, this is rapidly consumed and/or lost to
anoxic soils by ROL from the roots, or to the floodwater if pO2 is
below that of the shoot tissues and the plant is photosynthetically
inactive. In seagrasses, the O2 reservoir corresponds to only

(a) (b)

(d)(c)

Fig. 5 Partial pressures of O2 (pO2) in roots of completely submerged rice (Oryza sativa) vs incident light (a, b) in a bunded field at the International Rice
Research Institute, the Philippines, and residuals vs floodwater pO2 (c, d). Root pO2 within adventitious roots was measured using O2 microelectrodes
inserted c. 200 lm into the root, 10mm below the root–shoot junction, in two plants with intact leaf gas films and in two plants in which the gas films had
been removed just before submergence. Roots were buried in the anoxic soil with the root–shoot junction c. 4 cm below the soil surface, so that root pO2

entered from the shoot via aerenchyma. A Jassby & Platt (1976) model (a, b; solid lines) was fitted separately to the data from plants with or without leaf
gas films (a) and to data from plants with leaf gas films but with indication of data from before and after noon (b), derived from the daytime data shown in
Fig. 2. The unexplained variation by the applied Jasby & Platt model (residuals; vertical distance between data points and model) was plotted against
floodwater pO2 and fitted to a linear model (c, d). This analysis shows that the residuals are primarily negative at low floodwater pO2 (below the fitted
model in b) and generally positive at high floodwater pO2 (above the fitted model in b).
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2–4 min of O2 produced in underwater photosynthesis (Sand-
Jensen et al., 2005), and experimental manipulation of the water
column has shown that internal pO2 equilibrates with water col-
umn pO2 in a matter of 30 min or less (Binzer et al., 2005). After
nightfall, tissue respiration and the ongoing O2 loss from the
roots result in an O2 gradient from floodwater to shoot, and this
gradient drives a continuous flux of O2 from the floodwater and
into the shoot and further to the belowground tissues. In the case
of rice, there is a linear relationship between root pO2 and flood-
water pO2 (73% of the variation in adventitious root pO2 is
explained by changes in floodwater pO2; Fig. 4). Extrapolation of
the correlation line in Fig. 4 indicates that the adventitious roots
might turn anoxic at a floodwater pO2 of 4 kPa. However, the
slope of the correlation line in Fig. 4, and thus also the intercept
with the y-axis, probably depends on the mixing properties of the
floodwater. Work with seagrasses has demonstrated the effect of
water column flow velocity on the aeration of belowground tis-
sues in darkness; as the flow velocity increases, the diffusive
boundary layers on the leaves decrease, so that the same water col-
umn pO2 can sustain a higher rhizome pO2 in agreement with
Fick’s first law of diffusion (Binzer et al., 2005).

In the present study, the O2 microelectrodes were inserted into
the proximal parts of the adventitious roots, c. 1 cm below the
root–shoot junction, so that root tips further from the root–shoot
junction would have experienced even lower pO2, as some O2 is
consumed in tissue respiration and lost via ROL before it reaches
the root tips. Consequently, as the proximal parts of the roots
approached anoxia towards the end of the night (Fig. 2), the root
tips might have turned anoxic for a period of time before sunrise,
potentially causing the growth of roots to cease. The cessation of
root extension associated with the low apical O2 of submerged
rice seedlings during darkness was observed by Waters et al.
(1989) in a laboratory experiment. However, this contrasts with
laboratory studies on submerged rice showing that root tips can
remain well above zero O2 during dark submergence (Colmer &
Pedersen, 2008a; Pedersen et al., 2009); however, in these

laboratory studies, no strong O2 sink was present surrounding
the roots, as compared with the reduced anoxic soil in this field
study. In addition, Waters et al. (1989) demonstrated a strong
temperature effect; as the temperature increased, the root O2

declined owing to greater consumption in respiration along the
diffusion path. In conclusion, pO2 in the roots of submerged rice
during darkness is determined by interactive effects of water col-
umn O2, tissue respiration (temperature dependent), ROL (from
roots as well as buried sheaths), distance from the O2 source and
effective resistance to diffusion.

As the sun rises, the internal aeration status of the below-
ground tissues changes almost instantly and substantially. During
the day, light is the main determinant of root pO2 of completely
submerged rice, although the floodwater pO2 also influences
internal O2 status (Figs 2, 5). In the early morning, root pO2

increased rapidly from hypoxic levels (< 1 kPa just before sunrise)
to > 10 kPa in a matter of 2 h (Fig. 2). During that period, flood-
water pO2 only increased from 7 to 8 kPa, ruling out a rise in
floodwater pO2 as the cause of the observed increase in tissue
pO2. Instead, underwater photosynthesis dominates as the source
of O2 for root aeration during the day, supported by the relation-
ship between incoming light and root pO2, which resembles an
ordinary photosynthesis vs light response curve (Figs 5a,b, S3).
Laboratory studies of submerged rice have emphasized the
importance of light and the resulting underwater photosynthesis
for root aeration, albeit under artificial conditions with roots in
deoxygenated agar rather than in soil with a significant O2

demand (Waters et al., 1989; Colmer & Pedersen, 2008a; Peder-
sen et al., 2009). In situ studies of internodal lacunae of deepwa-
ter rice (not completely submerged; Setter et al., 1987), the leaf
meristem of the seagrass Zostera marina (Sand-Jensen et al.,
2005) and the rhizomes of completely submerged Spartina
(Gleason & Zieman, 1981; Winkel et al., 2011) have shown a
similarly strong dependence on light for internal aeration. How-
ever, in the present study on rice, the variation in incoming light
explains 70% of the variation in root pO2, leaving 30% of the

(a) (b)

(d)(c)

Fig. 6 Tissue sugar concentration in leaves
(lamina only) (a), sheath/stem (b), roots (c)
and total leaf chlorophyll concentration in
leaves (d) during 7 d of submergence in a
paddy field for plants with (closed circles) or
without (open circles) leaf gas films. Four-
week-old plants in pots were transferred to a
flooded paddy field and kept completely
submerged. Samples were taken every other
day starting after 1 d of submergence (n = 4).
Gas films on leaves had a significant positive
effect on leaf sugar concentration from 3 to
5 d of submergence (two-way ANOVA with
Bonferroni post hoc test, P < 0.0001); there
was no effect of removal of leaf gas films on
the concentrations of sugars in sheaths/stem
or in roots. The time of submergence had a
significant negative effect on all the
parameters shown (P < 0.0001). Values are
means� SE (n = 4).
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variation caused by other factors (plants with gas films, legend of
Fig. 5).

Much of the variation in root pO2 not explained by light is
caused by variation in floodwater pO2. Early in the morning,
when floodwater pO2 is low, a higher proportion of the O2 pro-
duced in underwater photosynthesis will diffuse out of the leaves
and into the floodwater, which, in turn, will reduce the amount
that moves downwards into the roots (negative residual values in
Fig. 5). An additional analysis shows that O2 in the floodwater
exhibits a positive relationship with cumulative light during the
day (Supporting Information Fig. S1). As pO2 in the floodwater
increases during the day, a higher proportion of photosyntheti-
cally produced O2 diffuses into the root because of the shallower
gradient between leaves and floodwater, and the applied Jassby &
Platt (1976) model underestimates the root pO2 (positive residu-
als in Fig. 5). Overall, however, the residuals (vertical distances
between model output and actual data point in Fig. 5) show a lin-
ear relationship with floodwater pO2, enabling us to conclude that
46% of the remaining unexplained 30% of the variation (i.e.
14%) can be attributed to variation in floodwater pO2. Thus,
much of the scatter in Fig. 5 is caused by the changing pO2 in the
floodwater during the course of the day and, in total, we are able
to explain 84% of the observed changes in root pO2 by changes in
light (70%) and floodwater pO2 (14%). These conclusions are
supported by the laboratory experiments of Waters et al. (1989),
where a direct influence of floodwater O2 on root surface O2

(roots in an O2-free agar solution) of submerged rice seedlings at
the same light level was found; root surface O2 was lower at 10
than at 21 kPa O2 in the submergence water. In conclusion, as
floodwater pO2 rises throughout the day, shoot pO2 presumably
remains higher, and more of the photosynthetically produced O2

will move into the roots.
The light saturation curve in Fig. 5 shows that root pO2 no

longer increases when light increases above c. 500Wm�2, indi-
cating that underwater photosynthesis is no longer limited by
light. We measured the light extinction coefficient of the flood-
water to be �1.75 m�1, meaning that 65% of the incoming light
is still present at mid-canopy height (depth of 25 cm). It is likely
that CO2 availability under high light levels (c. 1000Wm�2 sur-
face radiation at noon, Fig. 2) limits underwater photosynthesis
with ambient CO2 concentrations of c. 50–100 lM around
noon. Figure 3 shows that even leaf segments with intact gas films
are CO2 limited up to c. 1000 lMCO2 at high light (PAR of
760 lmol photons m�2 s�1). Thus, CO2 would be limiting dur-
ing most of the day, perhaps with the exception of the early
morning (Figs 2, 3). Interestingly, both Waters et al. (1989) and
Colmer & Pedersen (2008a) found that pO2 in roots and leaf
sheaths, respectively, of submerged rice showed an initial peak
just after the lights were turned on. In the present study, we did
not see this initial peak of pO2 in the roots or sheaths, probably
because of the gradual increase in light in field conditions as
opposed to the sudden onset of high illumination in the afore-
mentioned laboratory studies. The initial peaks in the laboratory
studies have been suggested to result from high initial underwater
photosynthesis because of buildup in the submerged tissues of
respiratory CO2 during the dark period.

In our second submergence experiment, the O2 microelec-
trodes were inserted into the basal part of the leaf sheaths that
were buried 5 cm into the soil. Here, leaf sheath pO2 reached
20–40 kPa (Fig. S2), and the fact that adventitious root pO2

never exceeded 14 kPa (Fig. 2) indicates a substantial loss of O2

from the sheaths before entry into the roots. Much of this loss
could be by ROL from the basal parts of the achlorophyllous
sheaths (Pedersen et al., 2011), and we observed prominent iron
plaques on the parts of the sheaths that were buried in the
anoxic soil.

Rice forms a gas film on the superhydrophobic leaf surfaces
when immersed into water. Pedersen et al. (2009) showed that,
during 7 d of submergence (12 h light : 12 h darkness, PAR of
500–600 lmol m�2 s�1, CO2 concentration of 200 lM), plants
with intact leaf gas films grew as much as controls in air. By
contrast, submerged plants in which the gas films had been experi-
mentally removed survived but did not grow at all during the time
of submergence. Leaf gas films enhance underwater photosynthe-
sis (Fig. 3; and also Colmer & Pedersen, 2008b; Pedersen et al.,
2009; Winkel et al., 2011) and tissue sugar status whilst
submerged (Pedersen et al., 2009). In the present study, intact leaf
gas films resulted in higher daytime root pO2 on the first day of
submergence and, after 3 and 5 d of submergence, plants with
intact leaf gas films also showed significantly higher levels of solu-
ble sugars in the leaves (Fig. 6) relative to plants in which the gas
films had been experimentally removed. On the second day of
submergence, the difference in root pO2 was insignificant, sug-
gesting that leaf gas films had either been restored or that emerging
new leaves with intact gas films were able to distort any difference
between control plants and plants with gas films removed (Pedersen
et al. (2009) brushed new leaves that emerged, as these possessed
gas films). Unfortunately, only one trace of night-time root pO2

was obtained for plants without leaf gas films (the microelectrodes
were broken in other plants and/or the electrodes were misaligned
and behaved erratically because of stress on the thin glass tip,
resulting in rearrangement of the cathodes inside them), but this
trace showed low root pO2 compared with the traces from plants
with intact gas films (Fig. 2). The importance of leaf gas films for
internal aeration during the night has been demonstrated previ-
ously in situ for Spartina anglica (Winkel et al., 2011) and in labo-
ratory experiments for rice (Pedersen et al., 2009). The
mechanistic functioning of the leaf gas films has not yet been fully
uncovered, but it is hypothesized that the gas films act as a ‘physi-
cal gill’, a principle resembling that of plastrons in O2 uptake in
some aquatic insects (Pedersen & Colmer, 2012). The importance
of leaf gas films for CO2 uptake by submerged rice is demon-
strated by the difference in the initial slopes of the CO2 response
curves of underwater net photosynthesis (Fig. 3); removal of gas
films increased by c. three-fold the effective resistance for CO2

uptake.
Little is known about the general importance of light for the

survival of terrestrial plants during submergence. The few existing
studies suggest a strong effect, where even low light levels can
result in two- to four-fold better survival, measured as the median
lethal time (LT50) (Mommer et al., 2006; Vashisht et al., 2011),
consistent with underwater photosynthesis during submergence
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improving either internal aeration or carbohydrate status, or
both. Previous work on submergence tolerance in rice seems to
have focused on the importance of limited elongation to conserve
carbohydrates as the main mechanism of submergence tolerance
(Setter & Laureles, 1996; Das et al., 2005). However, the present
study indicates that underwater photosynthesis could also be
important, a hypothesis supported by observations that blocking
of the early ethylene-induced chlorophyll degradation rescues the
phenotype and improves survival (Ella et al., 2003). Moreover,
survival correlates better with carbohydrate status at the time of
de-submergence than with carbohydrate status at the time of sub-
mergence (Das et al., 2005), suggesting that continuous carbohy-
drate production when submerged is also of crucial advantage to
submerged rice. An inherent part of the capacity for underwater
photosynthesis in many terrestrial wetland plants is functioning
leaf gas films (Colmer & Pedersen, 2008b; Pedersen et al., 2009;
Winkel et al., 2011; Colmer et al., 2011), and we propose that
the persistence of these gas films during submergence should con-
tribute to the submergence tolerance of rice and of other wetland
plants.
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Front page of Journal of Experimental Botany depicting partially and completely sub-
merged rice (Oryza sativa) and the superhydrophobic leaf surfaces retaining gas films. 
Photo by Ole Pedersen.
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Abstract

Floods can completely submerge some rice (Oryza sativa L.) fields. Leaves of rice have gas films that aid O2 and CO2 
exchange under water. The present study explored the relationship between gas film persistence and underwater net 
photosynthesis (PN) as influenced by genotype and submergence duration. Four contrasting genotypes (FR13A, IR42, 
Swarna, and Swarna-Sub1) were submerged for 13 days in the field and leaf gas films, chlorophyll, and the capacity 
for underwater PN at near ambient and high CO2 were assessed with time of submergence. At high CO2 during the PN 
assay, all genotypes initially showed high rates of underwater PN, and this rate was not affected by time of submer-
gence in FR13A. This superior photosynthetic performance of FR13A was not evident in Swarna-Sub1 (carrying the 
SUB1 QTL) and the declines in underwater PN in both Swarna-Sub1 and Swarna were equal to that in IR42. At near 
ambient CO2 concentration, underwater PN declined in all four genotypes and this corresponded with loss of leaf gas 
films with time of submergence. FR13A retained leaf gas films moderately longer than the other genotypes, but gas 
film retention was not linked to SUB1. Diverse rice germplasm should be screened for gas film persistence during 
submergence, as this trait could potentially increase carbohydrate status and internal aeration owing to increased 
underwater PN, which contributes to submergence tolerance in rice.

Key words: Aerenchyma, flooding stress, leaf gas films, leaf air layer, leaf hydrophobicity, Oryza sativa, submergence tolerance, 
SUB1, leaf chlorophyll, survival, FR13A, IR42, Swarna, Swarna-Sub1.

Introduction

Flooding severely impedes gas exchange between plants 
and the environment owing to the 104-fold slower diffusion 
of gases in water compared with in air (Armstrong, 1979). 
Rain-fed lowland rice is a semi-aquatic plant that often 
becomes submerged, but genotypes differ markedly in tol-
erance (Colmer et al., 2014; Ram et al., 1999). FR13A is a 
submergence-tolerant landrace and much of this tolerance 
is conferred by a major QTL (quantitative trait locus) called 

‘SUB1’ (Xu and Mackill, 1996). The SUB1 QTL controls 
several traits contributing to submergence tolerance, includ-
ing reduced shoot elongation, maintenance of higher soluble 
carbohydrate concentration, and less chlorophyll degradation 
during submergence, as well as less oxidative stress post-sub-
mergence (Ella et al., 2003a; Ella et al., 2003b). Rice geno-
types with SUB1 therefore show better survival and recovery 
post-submergence than those lacking this QTL (Bailey-Serres 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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et al., 2010; Ismail et al., 2013; Mackill et al., 2012). SUB1A-1 
is an ERF transcriptional regulator that blocks ethylene 
responsiveness during submergence and thus also down-
stream targets. It maintains the expression of the gibberellic 
acid (GA) signalling repressors SLENDER RICE1 (SLR1) 
and SLR1-like-1 (SLRL1) and their proteins during submer-
gence. Expression of these repressors is associated with inhi-
bition of GA induction of expansins required for cell wall 
expansion, and α-amylase and sucrose synthase required for 
starch and sucrose catabolism, respectively (Bailey-Serres 
et  al., 2010; Fukao and Bailey-Serres, 2008; Fukao et  al., 
2006). More recently, Schmitz et  al. (2013) reported that 
SUB1 differentially regulates genes associated with brassinos-
teroids (BR) synthesis, and BR induces a GA catabolic gene, 
GA2ox7, under submergence. Together these processes lead 
to suppression of GA-induced underwater elongation growth 
and conserve carbohydrates for maintenance metabolism and 
survival.

In addition to the importance placed on conserving car-
bohydrates during submergence (Bailey-Serres and Voesenek, 
2008; Voesenek et al., 2006), many wetland plants can also 
produce carbohydrates through underwater photosyn-
thesis (Colmer et  al., 2011; Mommer et  al., 2004). Rice, in 
particular, has been shown to photosynthesize under water 
(Raskin and Kende, 1983; Setter et al., 1989) and rice grew 
well when submerged in water enriched with CO2 to levels 
above air equilibrium to simulate some floodwaters (Pedersen 
et al., 2009; Setter et al., 1989). Like several other terrestrial 
wetland plants (Colmer and Pedersen, 2008b), rice possesses 
superhydrophobic, self-cleansing leaf surfaces that retain a 
thin gas film when immersed into water (Pedersen et al., 2009; 
Raskin and Kende, 1983; Setter et al., 1989). Leaf gas films 
markedly enhance gas exchange between leaf and floodwa-
ter so that underwater net photosynthesis (PN) is greater for 
leaves with gas films present, than when these are removed 
(Pedersen et  al., 2009; Verboven et  al., 2014; Winkel et  al., 
2013). In addition to carbohydrate production, underwater 
PN also results in better root aeration as much of the O2 pro-
duced in the leaves diffuses via the aerenchyma down to the 
roots (Colmer and Pedersen, 2008a; Pedersen et  al., 2009; 
Waters et al., 1989; Winkel et al., 2013). As O2 production in 
underwater PN ceases at dusk, leaf gas films then also facili-
tate O2 uptake from the floodwater resulting in some internal 
aeration during darkness, but this is likely to be insufficient 
for the entire root system as root O2 decreases to very low 
levels and fermentation occurs during dark periods (Pedersen 
et al., 2009; Waters et al., 1989; Winkel et al., 2013).

SUB1 genotypes show less chlorophyll degradation dur-
ing submergence (Ella et al., 2003b), but the possible benefit 
of this to underwater PN has not previously been evaluated. 
Furthermore, whether the leaves of submergence-tolerant 
FR13A or SUB1 lines differ from sensitive rice genotypes 
in formation and/or maintenance of leaf gas films should be 
evaluated. The issue of underwater PN in FR13A and SUB1 
genotypes is important to evaluate as the SUB1 QTL accounts 
for 70% of the variation in submergence tolerance leav-
ing 30% unexplained variation (Xu and Mackill, 1996). We 
assessed the submergence tolerance of 4 selected genotypes 

of rice during 13 d of complete submergence. The four gen-
otypes were (i) FR13A (the tolerant donor of SUB1A), (ii) 
IR42 (submergence intolerant and lacking SUB1A), (iii) 
Swarna (submergence intolerant and lacking SUB1A), and 
(iv) Swarna-Sub1 (Swarna with SUB1A). Over the period of 
13 d of complete submergence in an experimental field, we 
followed with time underwater PN, leaf chlorophyll concen-
trations, and leaf gas film thickness for the four contrasting 
genotypes in order to elucidate: (a) relationships between loss 
of chlorophyll and/or gas film persistence with underwater PN 
capacity (i.e. at near-saturated CO2) and at near-ambient CO2 
(i.e. field-relevant), as influenced by time of submergence; 
and (b) if  FR13A is superior in its capacity for underwater 
PN whether this trait is also expressed in Swarna-Sub1.

Materials and methods

Experimental design and harvest procedures
The submergence experiment was conducted in the wet season (Oct 
to Nov) in the submergence field facilities at the International Rice 
Research Institute at Los Baños, the Philippines, with field and soil 
type described previously (Singh et al., 2009). Rice genotypes (Oryza 
sativa L.; FR13A, IR42, Swarna and Swarna-Sub1) were sown in a 
seedbed in September 2011 and 21-d-old seedlings were transplanted 
at 20 × 20 cm spacing into a waterlogged paddy field surrounded by 
bunds to enable submergence to be imposed. FR13A is a landrace 
from eastern India with exceptional submergence tolerance and is 
the donor of SUB1, a major QTL associated with submergence tol-
erance on chromosome 9; IR42 is a submergence-intolerant variety 
(Mackill et  al., 2012). Swarna is a dwarf rain-fed lowland Indian 
variety and Swarna-Sub1 is Swarna with the SUB1 QTL intro-
gressed through marker assisted backcrossing for improvement of 
submergence tolerance (Xu et al., 2006). Experiments commenced 
14 d after transplanting, so that plants were 5 weeks old. Plants 
were completely submerged with about 1.25 m of water head and 
remained inundated through to the end of the experiment.

Plants were sampled at various times after submergence (see 
Figures) for analyses of underwater net photosynthesis (PN), leaf 
(lamina) chlorophyll concentrations, and lamina gas film thickness. 
Measurements were also taken of lamina sugar and starch concen-
trations, tissue porosity, and of whole shoot dry mass (DM); these 
supporting data are in the Supplementary Materials. A floating air-
filled mattress was used to access plants in the submergence pond 
as this avoided disturbance of the soil that would have resulted in 
suspended particles and murky water; plants were gently pulled out 
of the soil and immediately submerged in floodwater from the same 
field in a plastic container to prevent air contact. This procedure did 
not capture all root material and thus roots were not included in any 
tissue analyses. Immediately after collection, plants were brought to 
the laboratory for analyses.

Environmental conditions
Water used to submerge the paddy field came from an adjacent res-
ervoir; see Winkel et al. (2013) for key water chemical parameters. 
Morning water temperature in the paddy field was measured between 
9.00 h and 10.00 h each day and ranged from 28–30 °C; the average 
O2 concentration (for the 12 mornings) was 195 mmol m–3 (17 kPa); 
air-equilibrium at 30 °C is 254 mmol m–3 or 20.6 kPa. Average alka-
linity in the water was 5.4 mol m–3 and pH was 7.9, resulting in an 
average dissolved CO2 concentration of 130  mmol m–3 for the 12 
mornings of the experiment. The CO2 concentration in the study of 
Winkel et al. (2013) declined, relative to the morning value, to 71% 
by midday and then further to 53% by dusk. Light extinction in the 
water ranged from 1.1–1.9 m–1 with an average of 48% of surface 
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light remaining at 50 cm of depth (depth of floodwater was approxi-
mately 1.25 m, average initial plant height varied from 37 to 77 cm). 
During the 13 d of submergence, the average air temperature was 
26.7 °C, and varied from 23.3–32.7 °C. Average incident radiation 
was 403 W m–2 in the period from 10.00 h–14.00 h for the 13 days of 
submergence.

Net photosynthesis under water and in air
Underwater PN was measured on excised leaf (lamina) segments at 
0.2 and 5 mol m–3 of CO2. These two CO2 concentrations were cho-
sen based on: (i) 0.2 mol m–3 represents a reasonable near-ambient 
CO2 concentration in rice floodwaters—these waters typically con-
tain CO2 above air-equilibrium concentrations during early morn-
ings owing to night-time CO2 production, although CO2 can be 
depleted below air-equilibrium by the afternoon (summarized in 
Colmer et al. (2011), dynamics in Winkel et al. (2013)); (ii) five mol 
m–3 CO2 saturates underwater PN of rice, irrespective of leaf gas 
films presence or absence (Swarna-Sub1; Winkel et al., 2013) and so 
these measurements enabled the evaluation of the maximum capac-
ity for underwater PN in the present system, and how this changed 
with time. Although 5 mol m–3 CO2 would be regarded as a very high 
level of CO2 (possibly with some adverse effects on cellular metabo-
lism) if  in a gas phase (viz. 5 mol m–3 is equivalent to 17.2 kPa CO2 
in equilibrium with air at 30 °C), the CO2-response curve for under-
water PN did not show any adverse effects of this high CO2 (Winkel 
et  al., 2013). The resistance of transversing an aqueous diffusive 
boundary layer (DBL) is 10 000 times that of an equivalent gaseous 
DBL and so the CO2 concentration experienced by the cells of pho-
tosynthesizing leaves (consuming CO2) would be substantially lower 
when submerged than if  in a gas phase of equivalent CO2.

Four replicate leaves (the second youngest fully expanded from 
four different plants) were taken from each of the four genotypes. 
Twenty mm-long leaf segments (projected area of approximately 
200 mm2) were excised from the top third of the lamina. Underwater 
PN (n=4) was measured at 30  °C using 25 ml glass vials with two 
glass beads added to ensure mixing according to the method of 
Pedersen et al. (2013) with PAR inside the vials of 760 ± 60 µmol m–2 
s–1 (mean±SE, n=10). The incubation medium was artificial flood-
water based on a general purpose culture medium of Smart and 
Barko (1985) modified by Colmer and Pedersen (2008a), with initial 
O2 near half  air-equilibrium. To prepare artificial floodwater with 
a final concentration of 0.2 or 5 mol m–3 CO2 and an alkalinity of 
5 mol m–3 (mostly bicarbonate and carbonate), we added KHCO3 at 
5.2 or 10.0 mol m–3 in the general purpose medium. We subsequently 
added known volumes of 0.1 M HCl to convert the desired portion 
of the HCO3

– into CO2, resulting in pH values of 7.7 and 6.3 for the 
0.2 and 5 mol CO2 m

–3, respectively (Mackereth et al., 1978). Vials 
without leaf segments served as blanks.

Following incubations of known durations (30–50 min), the dis-
solved O2 concentration in each vial was measured using an O2 mini-
electrode (OX-500, Unisense A/S, Aarhus, Denmark) connected 
to a multimeter (MicroSensor Multimeter, Unisense A/S, Aarhus, 
Denmark). Fresh mass (FM) was then taken before samples were 
flash frozen in liquid N2 and freeze-dried and DM recorded. A rela-
tionship between DM and area, and also for FM and area, was 
established for segments from the same type of leaves for each indi-
vidual genotype, for plants when waterlogged with leaves in air and 
also when submerged, using digital photos and ImageJ (Schneider 
et al., 2012), so that the projected area of each leaf segment used in 
underwater PN could be calculated from its DM. Using the differ-
ences between DM to area ratio from the field plants in waterlogged 
soil with shoots in air or when completely submerged, a linear cor-
rection was calculated to estimate the change in DM to area ratio 
during the submergence.

PN in air by plants in waterlogged soil with shoots that always 
remained in air was measured on each of the four genotypes on 
the second youngest fully expanded leaf using an IRGA (LI-6400, 
Li-Cor) at PAR of 750 µmol m–2 s–1 and CO2 (380 µL L–1) at 30 °C 

between 10 and 11 am in the adjacent waterlogged paddy field; for 
details see Winkel et al. (2013).

Gas film thickness
Gas film volume was measured by determining buoyancy of lam-
ina samples before and after gas film removal. Measurements were 
taken on three segments of 50 mm length of the lamina from the top 
third of the youngest fully expanded leaf of 3 tillers. After the first 
measurement of buoyancy (gas films intact) segments were brushed 
with a dilute solution of Triton X (0.01% v/v of Triton X-100 in 
artificial floodwater, composition given above) to eliminate hydro-
phobicity so that gas films were removed (c.f. Colmer and Pedersen, 
2008b; Pedersen et  al., 2009) and thereafter buoyancy was again 
measured. The samples were then vacuum infiltrated with water and 
again measured for buoyancy, to enable calculation of tissue poros-
ity (gas-filled volume per unit tissue volume; Raskin, 1983). Segment 
area was calculated from the area to FM ratio, which was established 
for similar tissues (described above). Mean gas film thickness was 
calculated by dividing gas film volume (mm3) with the two-sided 
area (mm2), i.e. rice leaves possess gas films on both the adaxial 
and abaxial sides (Pedersen et al., 2009). In the present study, the 
detection limit of gas film thickness was approximately 2 µm and 
so measurements giving values below 2 µm were classified as “gas 
films absent”.

Chlorophyll
Chlorophyll concentration was measured on the middle portion of 
the 2nd youngest fully expanded leaf of individual plants harvested 
from the submerged field. The samples were flash frozen in liquid N2, 
freeze-dried for 48 h, stored at –80 °C and then ground. Chlorophyll 
was extracted in 80% acetone at 5 °C for 12 h in darkness and then 
absorbance in extracts was measured at 645, 652, and 663 nm on a 
spectrophotometer (UV-VIS 1800, Shimadzu, Nishinokyo, Kyoto, 
Japan). Chlorophyll concentrations were calculated using equations 
of Mackinney (1941).

Statistical analyses
GraphPad Prism 6 (GraphPad Software Inc., http://www.graph-
pad.com) was used for data analysis and two-way ANOVA with 
Bonferroni post hoc test to compare means of the differences in 
sugar, starch (in Supplementary Data, only), underwater PN, gas 
film thickness, and chlorophyll of the leaves of the four genotypes. 
Analyses of two-way ANOVA were performed separately for FR13A 
versus IR42 and Swarna versus Swarna-Sub1 to enable better inter-
pretation of potential factorial interactions. Correlations between 
underwater PN at the two CO2 concentrations and gas film thick-
ness and tissue chlorophyll concentration were also performed using 
GraphPad Prism 6 (Spearman non-parametric correlation).

Results

Capacity for underwater net photosynthesis; 
measurements at high dissolved CO2 (5 mol m–3)

Measurements of  underwater PN with 5 mol CO2 m
–3, a level 

that saturates underwater PN of  Swarna-Sub1 (irrespective 
of  leaf  gas films presence or absence) in the present sys-
tem (Winkel et  al., 2013), was used to evaluate changes in 
capacity for underwater PN with time after submergence. All 
four genotypes had initial maximal underwater PN values 
between 4.0 and 5.3 µmol O2 m

–2 s–1 (no significant differ-
ence; Fig. 1a, b). Capacity for underwater PN by FR13A and 
IR42 was significantly affected by time of  submergence but 
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maximal underwater PN of  IR42 declined faster during the 
second week of  submergence so that by the 13th day the rate 
was only 9% of the initial capacity (Fig. 1a; Table 1). Thus, 
during the latter part of  the submergence treatment, capac-
ity for underwater PN by FR13A was 6.7-fold higher than 
in IR42 (Fig. 1a). This superior performance of  FR13A for 
retention of  underwater photosynthetic capacity was not 
evident in Swarna-Sub1, which contains the SUB1 QTL 
from FR13A (Fig. 1b). The declines in capacity for underwa-
ter PN with time of  submergence, in both Swarna-Sub1 and 
Swarna were equal to that in IR42 (Fig. 1a, b and Table 1). 
With high external CO2 in the floodwater, PN under water 
was 13.4–19.5% of ambient rates in air (rates of  PN in air 
are given in the caption of  Fig. 1). The lower PN rates under 
water than in air probably results from a combination of 
high resistance to gas exchange even in the presence of  leaf 
gas films (Verboven et al., 2014) impeding O2 exit that is fur-
ther reduced by the relatively low solubility of  O2 in water, 
which would result in O2 build-up inside the tissues, and thus 
high photorespiration under water, as previously discussed 
for rice by Setter et al. (1989).

Declines in leaf  chlorophyll concentrations with time of 
submergence (Fig. 2a, b), as well as other possible changes 
in the photosynthetic apparatus (not studied here), presum-
ably contributed to the decline in photosynthetic capacity 
(Fig.  1a, b). Genotypes did not differ significantly in ini-
tial chlorophyll concentration. In all four genotypes, leaf 
chlorophyll declined with time of  submergence but the pat-
terns of  these declines differed (Fig.  2a, b). Similar with 
the pattern for underwater photosynthetic capacity, FR13A 
and IR42 did not differ in chlorophyll concentrations dur-
ing the first 8  days of  submergence, but later in the sub-
mergence period the values in IR42 fell well below those 
in FR13A (Fig.  2a and Table  1). Interestingly, the supe-
rior chlorophyll retention of  FR13A was conferred by the 
SUB1 QTL when in the Swarna background (Fig. 2b; i.e. 
Swarna-Sub1). The decline in leaf  chlorophyll with time of 
submergence in Swarna did not differ from that in IR42 
(Fig.  2a, b), whereas in Swarna-Sub1 it was more similar 
to FR13A.

Fig. 1. Underwater net photosynthesis (PN) of four genotypes of 5–7 
weeks old rice (Oryza sativa) with time of submergence. (a) FR13A 
(submergence tolerant and donor of SUB1) and IR42 (submergence 
intolerant) and (b) Swarna (submergence intolerant) and Swarna-
Sub1 (submergence tolerant with SUB1 QTL introgressed). Lamina 
segments of ~ 200 mm2 were incubated in rotating glass vials with 
5 mol CO2 m–3 and PAR of 760 µmol photons m–2 s–1 at 30 °C and 
PN was measured as O2 evolution (mean±SE, n=4). Underwater PN 
decreased significantly with time of submergence (Table 1); asterisk 
denotes significant differences between the two genotypes in each 
panel (Bonferroni test). Photosynthetic rates in air by FR13A, IR42, 
Swarna-Sub1 and Swarna, were 32.9 ± 2, 40.3 ± 3.4, 33.8 ± 2.3, and 
37.0 ± 1.3 µmol CO2 m–2 s–1, and were not significantly different (1-way 
ANOVA, means±SE, n=3–9).

Table 1. Key-results of 2-way ANOVA tests related to data shown in Figures 1, 2, 4, and 6. Analyses were performed for each 
parameter studied (underwater PN at 5 and 0.2 mol CO2 m

–3, gas film persistence, and leaf chlorophyll) with two genotypes (FR13A 
versus IR42 or Swarna versus Swarna-Sub1). P- and F-values are given for “genotype”, “time” and “genotype × time”. A P-level of 0.05 
was used, but P-values for P<0.1 are also shown in italics; n.s.=not significant. Abbreviations: UW=underwater; PN=net photosynthesis; 
Chl=total chlorophyll.

Parameters and genotype  
pairs in comparisons

“genotype” “time” “genotype × time” Data in Figure 
numberP-value F-value P-value F-value P-value F-value

UW PN 5 FR13A vs. IR42 n.s. 0.1 <0.0001 11.7 0.0003 5.0 1
UW PN 5 Swarna vs. Swarna-Sub1 n.s. 1.2 <0.0001 60.6 n.s. 1.4 1
Chl FR13A vs. IR42 0.0009 12.1 <0.0001 52.9 <0.0001 17.4 2
Chl Swarna vs. Swarna-Sub1 0.030 4.9 <0.0001 69.9 0.0003 4.3 2
UW PN 0.2 FR13A vs. IR42 0.058 8.3 <0.0001 46.1 <0.0001 5.7 4
UW PN 0.2 Swarna vs. Swarna-Sub1 n.s. 0.8 <0.0001 45.3 n.s. 0.4 4
Gas film FR13A vs. IR42 0.071 3.9 <0.0001 50.5 <0.0001 5.9 6
Gas film Swarna vs. Swarna-Sub1 0.069 3.4 <0.0001 62.3 0.052 2.0 6
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Correlation analyses were used to evaluate the relation-
ships between leaf chlorophyll concentrations and capacity 
for underwater PN (Fig.  3). Underwater PN was positively 
correlated with leaf chlorophyll concentration for IR42, 
Swarna-Sub1, and Swarna, but not for FR13A. FR13A, 
in contrast with the other three genotypes, did not show a 
decline in underwater PN (Fig. 1a) despite that leaf chloro-
phyll decreased to 68% of its initial concentration on day 11 
and to 40% on day 13 (Fig. 2a). If  the submergence period 
was extended, so FR13A suffered greater declines in chlo-
rophyll similar to those already apparent in the other three 
genotypes, then underwater PN would presumably decline 
and also result in a positive correlation between chlorophyll 
and underwater PN in FR13A.

Although changes in leaf chlorophyll concentration, and 
possibly other changes in the photosynthetic machinery, 
presumably were the major factors contributing to declines 
in capacity for underwater PN (Fig.  3), it should also be 
noted that towards the end of the submergence period (day 
10 onwards), the previously gas-filled volume of the tissue 
had been infiltrated by water in three of the four genotypes 
(Supplementary Fig. S1 available at JXB online), the excep-
tion was FR13A. Water infiltration of the leaf tissue is an indi-
cation of structural degradation; any such tissue degradation 

would also have contributed to the low chlorophyll concen-
trations (Fig. 2) and very low rates of underwater PN (even 
at 5 mol CO2 m

–3) of IR42, Swarna, and Swarna-Sub 1 at the 
end of the treatment period (Fig. 1a, b).

Underwater net photosynthetic rates at near-ambient 
dissolved CO2 (0.2 mol m–3)

Measurements of underwater PN with 0.2 mol CO2 m–3, 
a near ambient concentration in a similar field situation 
(Winkel et al., 2013), was used to evaluate field relevant rates 
of underwater PN with time after submergence. At this CO2 
concentration, underwater PN is limited by CO2 entry owing 
to the high resistance to diffusion from the bulk medium 
into the submerged leaf (Pedersen et al., 2009; Winkel et al., 
2013). Therefore, gas film presence, a feature which reduces 
gas exchange resistance of submerged leaves (Colmer and 
Pedersen, 2008b; Raskin and Kende, 1983; Verboven et al., 
2014), is of importance. Thus, the relationship of gas film per-
sistence with underwater PN, and decline in leaf chlorophyll 
concentrations, both as influenced by time of submergence, 
are of importance to characterize for contrasting genotypes. 
To facilitate comparison with non-limiting CO2 conditions, 
we first consider the photosynthetic rates at near-ambient 
dissolved CO2 as related to the decline in leaf chlorophyll 
(Fig. 2a, b) and then followed by consideration of the role of 
leaf gas films.

All four genotypes had initial underwater PN rates of 
3.6–4.8 µmol O2 m

–2 s–1 (no significant difference) when sup-
plied with 0.2 mol CO2 m

–3, and these rates all declined sig-
nificantly with time of submergence (Fig. 4a, b and Table 1). 
On the last day of submergence, underwater PN by FR13A 
was 3.3-fold higher than in IR42 (Fig. 4a). This higher rate in 

Fig. 2. Total chlorophyll concentration of four genotypes of 5–7 weeks 
old rice (Oryza sativa) with time of submergence. (a) FR13A (submergence 
tolerant and donor of SUB1) and IR42 (submergence intolerant) and 
(b) Swarna (submergence intolerant) and Swarna-Sub1 (submergence 
tolerant with SUB1 QTL introgressed). Chlorophyll concentration was 
measured on the middle portion of the 2nd youngest fully expanded 
leaf (mean±SE, n=4). Chlorophyll concentration decreased significantly 
with time of submergence for all four genotypes (Table 1); asterisk 
denotes significant differences between the two genotypes in each panel 
(Bonferroni test).

Fig. 3. Total chlorophyll concentration versus underwater net 
photosynthesis (PN) measured at 5 mol CO2 m–3 of four genotypes of 5–7 
weeks old rice (Oryza sativa). Genotypes were: FR13A (submergence 
tolerant and donor of SUB1; solid circle), IR42 (submergence intolerant; 
open circle), Swarna (submergence intolerant; open square), and 
Swarna-Sub1 (submergence tolerant with SUB1 QTL introgressed; solid 
square). Spearman rank correlation analyses (one-tailed) of chlorophyll 
concentration versus underwater PN showed: all genotypes pooled, 
P<0.0001; FR13A P=0.3517; IR42 P=0.0054; Swarna P=0.0140, and 
Swarna-Sub1 P=0.0023. Means±SE, n=5.
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FR13A was again not evident in the SUB1 introgression line 
in Swarna background (Fig. 4b; i.e. Swarna-Sub1). Although 
underwater PN in FR13A was significantly higher than in the 
three other genotypes, even in FR13A towards the end of the 
submergence treatment the rate had declined to 40% of the 
initial rate (the other three genotypes had 11–19% of their 
initial rates). There was a positive relationship between leaf 
chlorophyll concentration and underwater PN for three of 
the genotypes, but less so for Swarna (Fig. 5). As in the CO2 
saturated condition, leaf chlorophyll concentration was posi-
tively correlated with underwater PN, but closer examination 
of the dynamics in the changes in chlorophyll as compared 
with changes in underwater PN indicate there must also be an 
additional factor(s); here we assessed the potential influence 
of leaf gas films.

All four genotypes initially possessed gas films on both 
leaf sides when submerged. These gas films were maintained 
near the initial thickness for the first 4 days in FR13A and 
IR42, and then declined with time of submergence (Fig. 6a, 

Table 1). The decline, however, was initially faster for IR42 
than FR13A, so that gas films were lost by the 5th day in 
IR42 and by the 7th in FR13A. The dynamics in the reduc-
tions in thickness of the gas films were, with exception of day 
4, essentially the same for Swarna-Sub1 and Swarna (Fig. 6b, 
“genotype × time” interactions listed in Table  1); these 
declines resembled those of IR42. Fig. 7 evaluates the rela-
tionship between leaf gas films thickness and underwater PN 
using the data up to day 7 by which time gas films had been 
lost for all genotypes but leaf chlorophyll had not yet signifi-
cantly declined; this ensures that the effect of gas films is not 
confounded at this stage by changes in chlorophyll concen-
trations. This analysis shows that the initial declines in leaf 
gas film thickness hardly influenced underwater PN whereas 
underwater PN was markedly lower when gas films were no 
longer present (Fig. 7).

Growth, leaf sugars/starch, and survival

The present study was in a field with simulated flash-flooding 
causing complete submergence of 13 days. In addition to our 
focus here to fill the knowledge gap on underwater PN and gas 
film persistence for these contrasting genotypes, growth during 
submergence, leaf sugars/starch, and survival were also evalu-
ated. As earlier work has focused on these aspects (Mackill et al., 
2012), here we relegate those data to the supplementary materi-
als (Supplementary Figs S2 and S3 available at JXB online).

Discussion

FR13A has high tolerance of submergence (Singh et al., 2001) 
and a large proportion of this tolerance is associated with the 

Fig. 4. Underwater net photosynthesis (PN) of four genotypes of 5–7 
weeks old rice (Oryza sativa) with time of submergence. (a) FR13A 
(submergence tolerant and donor of SUB1) and IR42 (submergence 
intolerant) and (b) Swarna (submergence intolerant) and Swarna-Sub1 
(submergence tolerant with SUB1 QTL introgressed). Lamina segments 
of  ̴ 200 mm2 were incubated in rotating glass vials with 0.2 mol CO2 m–3 
and PAR of 760 µmol photons m–2 s–1 at 30 °C and PN was measured 
as O2 evolution (mean±SE, n=4). Underwater PN decreased significantly 
with time of submergence for all four genotypes (Table 1); asterisk 
denotes significant differences between the two genotypes in each panel 
(Bonferroni test).

Fig. 5. Total chlorophyll concentration versus underwater net 
photosynthesis (PN) measured at 0.2 mol CO2 m–3 of four genotypes of 
5–7 weeks old rice (Oryza sativa). Genotypes were: FR13A (submergence 
tolerant and donor of SUB1; solid circle), IR42 (submergence intolerant; 
open circle), Swarna (submergence intolerant; open square), and 
Swarna-Sub1 (submergence tolerant with SUB1 QTL introgressed; solid 
square). Spearman rank correlation analyses (one-tailed) of chlorophyll 
concentration versus underwater PN showed: all genotypes pooled, 
P<0.0001; FR13A P=0.0077; IR42 P=0.0006; Swarna P=0.0575, and 
Swarna-Sub1 P=0.0347. Means±SE, n=5.
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SUB1 QTL (Mackill et  al., 2012). The SUB1 QTL confers 
submergence tolerance in rice, assessed as survival and recov-
ery of growth and/or yield following transient complete sub-
mergence (Jagadish et al., 2012). This tolerance is associated 
with less elongation during submergence, higher soluble car-
bohydrates in shoots, and less oxidative damage post-submer-
gence (Fukao et al., 2009; Xu and Mackill, 1996; Xu et al., 
2006). These traits are well studied in FR13A and SUB1 gen-
otypes, whereas the known ability of FR13A to retain chlo-
rophyll when submerged (Ella et al., 2003b) and its influence 
on underwater PN had not previously been evaluated. The 
present study shows that when submerged, FR13A retains 
its capacity for underwater PN (CO2 saturated rate), whereas 
this capacity declined markedly in sensitive genotypes (IR42 
and Swarna, Fig. 1). Nevertheless, at near ambient CO2 levels 
in floodwater, underwater PN had declined in all genotypes 
during the second week of submergence, as leaf gas films 
only persisted for the first several days (Fig.  6). Regarding 
the SUB1 QTL, Swarna-Sub1 also showed improved chloro-
phyll retention, but its capacity for underwater PN was not 

improved, indicating that other components of the photosyn-
thetic machinery must have been compromised. The changes 
in gas film presence and leaf chlorophyll concentration (and 
presumably other components of the photosynthetic machin-
ery) with duration of submergence both contribute to the 
decline in rates of underwater PN of submerged rice.

The impressive maintenance by FR13A of capacity for 
underwater PN (CO2 saturated rate) during 13 days of sub-
mergence adds to the list of known traits associated with sub-
mergence tolerance in this genotype, being much higher than 
in Sub1 introgression lines (Neeraja et al., 2007; Singh et al., 
2009). FR13A is known to possess four more, but minor, 
QTLs associated with submergence tolerance (Nandi et al., 
1997). Submerged rice can suffer leaf chlorosis, a condition 
triggered by ethylene accumulation, but chlorosis is less in 
tolerant (e.g. FR13A) as compared with sensitive (e.g. IR42) 
genotypes (Ella et al., 2003b; Jackson et al., 1987). The pre-
sent underwater PN measurements add functional data to 
extend the previous observation of better chlorophyll reten-
tion in FR13A as compared with IR42 (Ella et al., 2003b). An 
earlier study had indicated a significant decline in photosyn-
thetic capacity already after 1 day (IR42) and 3 days (FR13A) 
of submergence (Smith et al., 1988), but this earlier work used 
an IRGA to measure leaves soon after return to air. By con-
trast, the present study measured photosynthesis under water 
(Pedersen et al., 2013) and IR42 declined in photosynthetic 
capacity (i.e. CO2 saturated rate) only during the second week 
of submergence (Fig. 1). The fast declines in photosynthetic 
rates observed by Smith et al. (1988) were not associated with 
changes in leaf chlorophyll, whereas in our longer term study 
there were strong positive correlations between reductions 

Fig. 7. Leaf gas film thickness versus underwater net photosynthesis (PN) 
measured at 0.2 mol CO2 m–3 of four genotypes of 5–7 weeks old rice 
(Oryza sativa). Genotypes were: FR13A (submergence tolerant and donor 
of SUB1; solid circle), IR42 (submergence intolerant; open circle), Swarna 
(submergence intolerant; open square), and Swarna-Sub1 (submergence 
tolerant with SUB1 QTL introgressed; solid square). Spearman rank 
correlation analyses (one-tailed) of gas film thickness versus underwater 
PN showed no significant correlations of neither all genotypes pooled nor 
for each individual genotype when excluding gas film thicknesses below 
2 µm (the detection limit of the present method of gas film quantification). 
Means±SE, n=5.

Fig. 6. Leaf gas film thickness of four genotypes of 5–7 weeks old rice 
(Oryza sativa) with time of submergence. (a) FR13A (submergence tolerant 
and donor of SUB1) and IR42 (submergence intolerant) and (b) Swarna 
(submergence intolerant) and Swarna-Sub1 (submergence tolerant with 
SUB1 QTL introgressed). Gas film volume was measured by determining 
tissue buoyancy before and after gas film removal using the method of 
Raskin (1983) and then divided by two-sided leaf area to obtain mean 
thickness (mean±SE, n = 4). Gas film thickness decreased significantly 
with time of submergence (Table 1); asterisk denotes significant differences 
between the two genotypes in each panel (Bonferroni test).
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in leaf chlorophyll concentrations and reduced capacity for 
underwater PN (Fig. 3).

Underwater PN at 0.2 mol CO2 m
–3 (representative of ambi-

ent in submergence situations) was not, however, preserved 
as well as underwater PN at high CO2 (5 mol CO2 m

–3) for the 
leaves of submerged rice. The declines with time in under-
water PN of the various genotypes at 0.2 mol CO2 m

–3 were 
probably due to the loss of leaf gas films after 4–6 days of 
submergence; loss of gas films would decrease the uptake of 
CO2 from the floodwater (c.f. Pedersen et al., 2009). Gas films 
persisted on the submerged leaves for 4–6 days depending on 
genotype and the loss of leaf gas films were strongly linked 
to a steep decline in underwater PN at 0.2 mol CO2 m

–3 for all 
four genotypes (Figs 4 and 6). By contrast, lamina chloro-
phyll concentration did not significantly decrease until after 
the leaf gas films had disappeared and so the substantial 
declines in underwater PN during the initial 5 days of submer-
gence were therefore unlikely to have been caused by chlo-
rophyll degradation. Leaf gas films increase underwater gas 
exchange and thus CO2 entry to sustain rates of underwa-
ter PN (Colmer and Pedersen, 2008b; Pedersen et al., 2009; 
Winkel et al., 2011). Moreover, modelling of O2 entry during 
darkness into respiring rice leaves with or without gas films 
has further demonstrated that the resistance to O2 exchange 
with the floodwater is reduced by the presence of gas films, 
with assessments also of the various resistance components 
in the pathway(s) (Verboven et al., 2014).

Leaf gas films have been shown to enhance internal aera-
tion of belowground tissues during complete submergence 
(Pedersen et  al., 2009; Winkel et  al., 2013; Winkel et  al., 
2011). It was recently shown that even low rates of under-
water PN greatly influence root O2 status during daytime for 
Swarna-Sub1 during 2 days of submergence in a field (Winkel 
et al., 2013). Thus, retention and persistence of leaf gas films 
by submerged plants is likely to be beneficial, but factors 
involved in the degradation of leaf gas films during pro-
longed submergence require additional study. Leaf gas films 
might also be an effective barrier against infections and we 
speculate when lost this will facilitate contact and coloniza-
tion by microorganisms in the floodwater. It can be hypoth-
esized that once the leaf gas films have been lost the process 
of tissue deterioration speeds up, eventually leading to tissue 
death. Superhydrophobic leaf surfaces are hypothesized to be 
an adaptation for leaves to self-clean and facilitate water to 
roll off  leaves in air when it rains to prevent covering of leaves 
by a film of water (Neinhuis and Barthlott, 1997), as a water 
layer on a leaf surface would reduce gas exchange and thus 
photosynthesis, and also enhance the likelihood of bacteria 
and fungi infecting leaves (Koch et  al., 2009). The leaf gas 
film persistence was moderately longer in FR13A and our 
data show that underwater PN at a near ambient CO2 con-
centration was strongly enhanced by leaf gas film presence. 
Thus, we wonder if  there is larger diversity of gas film reten-
tion and persistence in lowland rice than documented in the 
present study.

Pedersen et al. (2009) demonstrated the essential role of leaf 
gas films on sugar status of completely submerged rice and 
Winkel et al. (2013) showed the importance of underwater PN 

for internal aeration in roots of submerged rice. The mecha-
nisms determining longevity of leaf gas films should be fur-
ther elucidated and rice germplasm screened for longer leaf 
gas film persistence during submergence, as this trait could 
potentially increase carbohydrate status and internal aeration 
owing to increased underwater PN during prolonged sub-
mergence. Furthermore, studies are needed to investigate the 
extent of gas films persistence as related to various weather 
and floodwater characteristics that affects survival in the field 
e.g. conditions as noted in Das et al. (2009) and in Colmer 
et al. (2014).

Supplementary data

Supplementary data are available at JXB online
Figure S1. Leaf lamina porosity
Figure S2. Leaf lamina sugars and starch
Figure S3. Relative growth rate and survival
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Chapter 5

Leaf gas films, underwater photosynthesis and plant 
species distributions along a flood gradient
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Partially submerged Rumex crispus in a flooded meadow in Denmark. Photo by Ole 
Pedersen.
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Preface

This chapter has been prepared as an experimental manuscript, but which has not yet 

been submitted to any journal. To study whether leaf gas films influence species distri-

bution across a flooding gradient I had the opportunity to build on previous data from 

the Netherlands where a large database was available with plant species information in 

various areas of differing flooding regimes. By screening the species already in the data-

base for leaf gas films I tested the hypothesis of an expected pattern in distribution with 

regards to leaf gas film presence in the species. Professor Voesenek and Associate Pro-

fessor Visser provided the database and valuable insights for the database and species 

composition and Associate Professor Visser conducted valuable field work and exper-

tise in identifying more than 200 terrestrial plant species as well as local knowledge of 

the areas. Dr Brodersen conducted the Detrended Correspondence Analysis. Professor 

Sand-Jensen provided valuable insight into the ecological areas and helped develop and 

expand upon the topics of the chapter as did Professor Pedersen and Professor Colmer. 

I undertook most of the work involving the experiments including data acquisition and 

analysis and the writing.
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Abstract

Background: Flooding of terrestrial plants influence their distribution and abundance. Traits for 

survival during complete submergence include stimulation or inhibition of shoot elongation (es-

cape or quiescence, respectively), aerenchyma formation, and efficient gas exchange for under-

water photosynthesis and respiration. Leaf gas films on superhydrophobic cuticles enhance un-

derwater gas exchange, so we hypothesized that the presence of leaf gas films could determine 

the distribution of plant species in natural flooding gradients provided flood duration does not 

vastly exceed leaf gas film retention times.

Approach: This study used experiments and field observations on species distribution along a 

natural flood gradient of the river Rhine. We measured the presenceabsence of leaf gas films and 

the specific leaf area of 97 species and underwater net photosynthesis and dark respiration for 

25 of these species.

Key findings: The presence of leaf gas film was negatively correlated to flood occurrence (fre-

quency and duration) and reached a maximum value of 80% of the species in the rarely-flooded 

locations (on average 1 flood in every 10 years). This relationship was primarily driven by grasses 

that all, independently of their field location along the flooding gradient, possess gas films when 

submerged. SLA also showed a negative correlation to flooding occurrence with species of high 

SLA (thin leaves) being prominent in the “often flooded” end of the gradient and species of low 

SLA (thicker leaves) in the rarely-flooded end.

Discussion: Although earlier laboratory and field experiments have shown that leaf gas films 

enhance gas exchange under submergence, the ability of species to form leaf gas films did not 

show the hypothesized positive relationship with species composition along the flood gradient. 

Interestingly, a high SLA was positively correlated with flood occurrence; thin leaves reduce the 

total resistance to gas exchange with the floodwater.

Conclusion: We did not find that species forming leaf gas films were overrepresented at sites fre-

quently exposed to flooding. In fact, we found the opposite pattern. We propose that traits with 

ecophysiological significance can be diluted following a flood event as a result of the subsequent 

processes leading to a specific species composition of a relevé. 
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Introduction

Flooding of terrestrial plants have a large impact on species zonation due to survival variation be-

tween species and subsequent succession following floods (Turner et al. 1998). Flood duration, 

water depth and temperature act as survival filters during flooding (Keddy 1992). Survival of 

plants in flood-prone areas is determined by functional traits such as, capacity for i) elongation 

and hyponasty to restore air contact (Voesenek et al. 2003b; Voesenek et al. 2004), ii) meta-

bolic conservation of carbohydrates (Voesenek et al. 2006; Bailey-Serres & Voesenek 2008), iii) 

production of carbohydrates in underwater photosynthesis (Pedersen, Rich & Colmer 2009; Col-

mer, Winkel & Pedersen 2011), iv) efficient use of carbohydrates by enhanced O2 exchange with 

the floodwater enabling oxidative phosphorylation during respiration (Pedersen, Rich & Colmer 

2009; Winkel et al. 2014), and v) production of adventitious roots with a high porosity when 

waterlogged for weeks (Visser et al. 2000; Colmer 2003) and in shoot tissues when submerged 

(Herzog & Pedersen 2014). Moreover, seed bank characteristics and timing of germination can 

also be of importance for the distribution of species in river floodplains (Voesenek & Blom 1992; 

Voesenek, De Graaf & Blom 1992; Van der Sman, Joosten & Blom 1993; Colmer & Voesenek 

2009). While traits such as root porosity and control of elongation are relatively well studied 

(Colmer & Voesenek 2009; Voesenek & Bailey-Serres 2015), traits enhancing gas exchange be-

tween the shoot and the floodwater have not yet been considered as drivers for patterns of 

species distribution in floodplains. Hence, the present study focuses on the possible prevalence 

of high specific leaf area (SLA) and leaf gas films for species in flood-prone areas because thin 

leaves (Madsen & Sand-Jensen 1991) and/or gas films (Colmer, Winkel & Pedersen 2011; Ver-

boven et al. 2014) facilitate O2 and CO2 exchange with floodwaters.

Resistance to gas exchange by plants with the floodwater is high because of the 10,000times 

slower diffusion of gases in water compared to in air (Armstrong 1979). The total resistance to 

gas exchange between leaves and water can be divided into two major components, i) the dif-

fusive boundary layer (DBL) and ii) resistance of plant tissues (cuticle, stomata and internal tis-

sues) (e.g., Verboven et al. (2014)). DBL resistance is determined by the thickness of this viscous 

layer which is influenced by current velocity and turbulence of the overlying water (Vogel 2006), 

and leaf morphology. While leaves of terrestrial species lack features to reduce DBL thickness 

when submerged, aquatic plants have evolved e.g., filamentous leaves and leaves with undulat-

ing edges resulting in greatly reduced DBL (Koch 1994; Colmer, Winkel & Pedersen 2011). Tissue 

resistance is reduced in thin leaves (i.e. shorter diffusion path) in both terrestrial and aquatic 

species, but aquatic plants have evolved more advanced anatomical features to minimize in-

ternal resistances with the most effective being extremely thin leaves (sometimes only two cell 

layers; Tomlinson (1982)) with strongly reduced thickness or transport resistance of the cuticle 

(Frost-Christensen, Jørgensen & Floto 2003; Frost-Christensen & Floto 2007), chloroplasts in the 

epidermis and porous tissues (Arber 1920; Sculthorpe 1967). None of these features would be 

suitable traits to terrestrial leaves because of the increased risk of desiccation. In a natural flood 

gradient, species with thin leaves (high SLA) should thus dominate in the “often flooded” end of 
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the gradient where complete inundation is more frequent than in the less frequently flooded or 

drier end (Violle et al. 2011; Baastrup-Spohr et al. 2015).

In addition to having thinner leaves, terrestrial plants can further decrease the total resistance 

to gas exchange with the floodwater by retention of gas films on the surface of leaves when sub-

merged. Leaf gas films are formed on the surfaces of superhydrophobic leaf cuticles when these 

are submerged into water (Colmer & Pedersen 2008). Leaf superhydrophobicity was first estab-

lished as a self-cleansing mechanism (Barthlott & Neinhuis 1997; Neinhuis & Barthlott 1997) 

and it has since also been shown to enhance underwater photosynthesis, dark respiration, and 

internal aeration of completely submerged plants both in laboratory experiments (Colmer & 

Pedersen 2008; Pedersen, Rich & Colmer 2009) and in field situations (Winkel, Colmer & Peder-

sen 2011; Winkel et al. 2013). The gas film greatly increases the gas-water interface and on av-

erage the total resistance is reduced, by about 5fold, compared to a situation where the gas film 

had been experimentally removed (Colmer & Pedersen 2008; Pedersen, Rich & Colmer 2009; 

Verboven et al. 2014). Formation of leaf gas films has been demonstrated to occur in 8 species 

of natural wetland plants (Raskin & Kende 1983; Colmer & Pedersen 2008; Malik, English & Col-

mer 2009; Teakle, Colmer & Pedersen 2014; Konnerup et al. 2015) including the invasive marsh 

plant, Spartina anglica (Winkel, Colmer & Pedersen 2011; Lauridsen et al. 2014) and also on the 

wetland crop rice, Oryza sativa (Raskin & Kende 1983; Pedersen, Rich & Colmer 2009). Interest-

ingly, a gas film is also observable on leaves of many dryland crops if submerged, such as wheat, 

barley and oats (Raskin & Kende 1983), but gas film retention time in these situations has not 

been evaluated. Colmer and Pedersen (2008) found that the leaf gas films on some of the spe-

cies in their study lasted at least for 2 weeks (e.g., Phragmites australis), whereas it only lasted 

three days for Melilotus siculus (Teakle, Colmer & Pedersen 2014).  Based on the benefits of leaf 

gas films during complete submergence, the retention time could be a key factor influencing the 

duration of survival under water. In a study of four rice genotypes completely submerged for 14 

d, Winkel et al. (2014) found that two genotypes, which lost their gas film after 6 and 7 days of 

submergence (Swarna Sub1 and FR13A), had significantly higher survival after de-submergence 

than the two genotypes which lost the gas film after 4 and 5 days (IR42 and Swarna). There is 

little information on how common the gas film feature is amongst a variety of species, and there-

fore one of the aims of the present study was to screen all species within a natural flood gradient 

for the presence-absence of leaf gas films.

We tested two hypotheses related to SLA and leaf gas films, 1) thin leaves (high SLA values) is a 

leaf trait of plants inhabiting the “often flooded” end of flood gradient i.e. frequent floods; and 

2) leaf gas films is a trait that favours survival in zones with floods that may be frequent but of 

relatively short duration. We tested these hypotheses using field investigations (SLA and pres-

ence-absence of leaf gas films of 97 species), laboratory experiments (underwater photosynthe-

sis and respiration and gas film retention time of 25 species representing each end of the flood 

gradient) and a comprehensive flood database on flood occurrence (frequency and duration) 

and species presence-absence in a maximum of 92 relevées published by Voesenek et al. (2004).
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Materials and methods

This study relied on data already available on species composition and flood occurrence (fre-

quency and duration, Figure 1) for the floodplains of the river Rhine in the Netherlands dating 

from 1972 to 1991 (Voesenek et al. 2004) as well as a field survey and observations of leaf gas 

film presenceabsence (conducted in early summer 2011) for 97 species. This was followed by 

laboratory studies on underwater gas exchange and gas film retention time for 25 selected spe-

cies from the field, 14 of which had the ability to form leaf gas films. The data included abun-

dance of species, but in order to disregard seasonal variation and other factors that influence 

the abundance at a given time, apart from the flooding events, we only used presence-absence 

of species in our analyses. 

Screening of gas film presence

Leaf gas films are thin layers of gas (50-100 µm thick) retained on the surface of superhydro-

phobic submerged leaves. Leaf surface properties such as spatial structures (e.g., trenches and 

grooves), papillae, trichomes and wax platelets in the cuticle can all contribute to the hydropho-

bicity of a leaf (Koch, Bhushan & Barthlott 2009; Barthlott et al. 2010) and enable it to retain a 

leaf gas film when submerged. 97 species were tested for presence-absence of leaf gas films 

(Table 1) immediately after immersion in water when sampled in the field at various locations on 

the Rhine floodplain in the Netherlands. Plants were identified to species and the shoots, top of 

shoots or first fully expanded leaf (depending on size of the plant relative to the beaker used for 

testing) were submerged in DI water in a glass beaker. If gas films were present, they were clearly 

visible as a silvery sheen on leaf surfaces when held under water at an angle to incident sunlight. 

Gas films were scored as absent, present on the adaxial side, present on the abaxial side of the 

leaves or present on the stem or leaf sheath (for grasses).

Specific leaf area (SLA)

Leaves of species tested for presence-absence of leaf gas films were brought back to the labora-

tory in Ziplock® bags. The area of the youngest fully-expanded leaf was measured using an area 

meter (CI-202, CID Bio-Science Inc., Camas, WA, USA) and samples were dried until constant 

weight at 65 °C (n=1). Once dried, samples were transferred directly for cooling in a desiccator 

containing silica gel and then weighed on a 5 digit balance. Specific leaf area (SLA, m2 kg-1) was 

calculated from surface area and dry mass.

Cultivation of plants

Twenty-five species of terrestrial plants distributed along the flood gradient and with leaves 

of contrasting ability to form gas films when submerged (Table 1) were chosen for laboratory 
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measurements of underwater net photosynthesis (PN) and underwater dark respiration (RD). 11 

species did not form gas film when submerged with 7 representing relevées with few flood oc-

currences (DCA 1 values from 3 to 6.6) and 4 representing relevées with frequent flood occur-

rences (DCA 1 values from 0 to 3). Fourteen species formed gas films when submerged; 9 species 

derived from relevées with few flood occurrences and 5 species derived from relevées with fre-

quent flood occurrences. Plants were collected in the field in late spring and subsequently plant-

ed in pots (10 cm high and 6 cm wide) in a mixture of potting soil (DANMULD, Denmark; mixture 

of peat moss, cattle manure, and bark mulch, containing: 45-65 g N m-3, 20-40 g P m-3, 15-40 g 

P m-3, 15-30 g Mg m-3 and  > 150 g Ca m-3) and sand  (50/50, vol/vol). The pots were placed out-

door in plastic trays (60 cm wide and 100 cm long and 25 cm deep) in North Zealand, Denmark 

and connected to an automatic irrigation system with tap water. The pots were watered twice 

in each 24 h cycle and drainage holes 2 cm above the bottom enabled excess water to drain out. 

After 8 weeks of growth during June-July, plants were used in measurements of underwater PN, 

underwater RD and gas film retention time.

Underwater PN

The youngest fully expanded leaf was collected and cut with a razor blade into tissue segments 

of 1 to 2 cm2. Underwater PN was measured using the method described by Pedersen, Colmer 

and Sand-Jensen (2013) with some modifications. The glass vials used for incubation were 25 mL 

and two glass beads were added to each vial to ensure mixing as they rotated on a wheel within 

an illuminated water bath at 20°C. Photosynthetically active radiation was 800 µmol photons m-2 

s-1 inside the vials measured using a spherical light sensor (4π US-SQS/L Wals, Effeltrich, Germa-

ny). The incubation solution (artificial floodwater) was based on the general purpose culture me-

dium described by Smart & Barko (1985) and contained (in mol m-3): Ca2+, 0.62; Mg 2+, 0.28; Cl-, 

1.24; SO4
2-, 0.28. The dissolved O2 concentration in the medium was set at 50% of air equilibrium, 

by purging the solution with 1:1: volumes of N2 and atmospheric air. This procedure was applied, 

like in earlier studies (Colmer & Pedersen 2008), to prevent increase in O2 above air equilibrium 

levels during the measurements which might have led to photorespiration and thus decreased 

PN cf. Setter et al. (1989). Dissolved CO2 was set at 180 mmol m-3 by adding 2.8 mol m-3 KHCO3 

and adjusting pH to 7.4 with HCl (Stumm & Morgan 1996).

Following incubations of known duration (from 60 to 175 minutes depending on PN rates), dis-

solved O2 concentrations in the solution were measured using a Clark-type O2 mini-electrode 

(OX-500, Unisense A/S, Aarhus, Denmark) connected to a multimeter (MicroSensor Multime-

ter; Unisense A/S, Denmark). The electrode was calibrated immediately before use in water at 

atmospheric equilibrium (20.6 kPa pO2) and in anoxic water containing dithionite (0 kPa pO2). 

Dissolved O2 concentrations in vials prepared and incubated in the exact same way as described 

above, but with no leaf tissue, served as blanks. The projected area of each lamina segment 

was measured using a leaf area meter (CI-202, CID Bio-Science Inc., Camas, WA, USA) to enable 

expression of PN rate per unit of surface area. Leaf tissues were then oven-dried until constant 

weight at 65 °C. Once dried, samples were transferred directly to a desiccator containing silica 
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gel and then taken and immediately weighed using a 5 digit balance.

Underwater dark respiration (RD) was measured as above but in complete darkness. Artificial 

floodwater was prepared to hold 10 or 40 kPa of pO2 to determine RD under restricted (10 kPa) 

or unrestricted (40 kPa) O2 availability. The 10 kPa solution was prepared by purging half of the 

volume with atmospheric air and half with pure N2 resulting in a pO2 of approximately 10 kPa. 

The 40 kPa solution was prepared by purging 400 mL of incubation solution with pure O2 and 

mixing 600 mL solution purged with pure N2. As RD rates are lower than PN rates, incubation times 

for the RD measurements were approximately 3 h.

Gas film retention time

Gas film retention time was measured on 13 of the 14 species with leaf gas films that were also 

used in measurements of underwater PN and RD. Four pots of each species were completely 

submerged in a 325 L outdoor aquarium filled with artificial floodwater during summer in North 

Zealand, Denmark. CO2 was kept at ∼2 mmol m-3 (Stumm & Morgan 1996) using a pH-controller 

(α-control, Dupla Aquaristik, Bielefeld, Germany) connected to a cylinder with pressurized CO2 (2 

mol m3 alkalinity and pH 7.3, for chemical composition see above). Each day, presence-absence 

of the leaf gas film was recorded by visual inspection at approximately 9 am.

Data on species composition and flood patterns

The database from the study of Voesenek et al. (2004) was used. In brief, the database consists 

of 92 relevées (plots) ranging from 4 to 25 m2 and with 72 plant species distributed across a flood 

gradient in the floodplains of the river Rhine in the Netherlands. Each relevé has corresponding 

information on flooding frequency, inundation duration, substrate moisture, substrate type and 

rate of dehydration in addition to plant species composition and density. The elevation of each 

relevé was determined by levelling or by using detailed topographical maps, and together with 

data on water level of the river (10 years average) the flooding regime of the relevées was estab-

lished. On an average, the areas with the highest flood occurrences had 10 floods y-1 lasting up 

to 23 d (Figure 1AB), the areas with the fewest flood occurrences had 0.1 floods y-1 (1 flood in a 

10 y period) lasting 2 d (Voesenek et al. 2004).

Statistical analyses

Detrended Correspondence Analysis (DCA) (Jongman, ter Braak & van Tongeren 1995; ter Braak 

& Smilauer 2002) using the CANOCO V.4 software package (ter Braak & Smilauer 2002) was used 

to extract the main gradients in species community data. The analysis was run on semi quanti-

tative data including 72 species from 92 relevées. Data were not transformed before analysis. 

Spearman Rank correlation analyses (Graph Prism 5) between DCA axis 1 site scores and environ-



Chapter 5

62

mental variables were used to test the primary gradients at the study site.

GraphPad Prism 5 was used to analyze data and to draw figures. Kruskal-Wallis non-parametric 

tests with Dunn’s multiple comparison post hoc tests were used to test for significant differences 

of the means of wet soil and mud flat plant species with and without gas films with regard to 

underwater PN and underwater RD.

Results

Fieldbased analyses

DCA analysis of relevées and species distribution

Detrended correspondence analysis (DCA) showed a strong gradient in species turn-over (Beta 

diversity) (Figure 1S). The gradient length along axis 1 was 6.6 (Table 1S), indicating that the 

communities at the ends of the gradient did not share any species at all. The DCA captured 16.4 

% of the pattern in species community data along axis 1 and an additional 12.4 % of species data 

were captured on the 3 subsequent axes (Table 1S). Figure 1S illustrates the separation into mud 

flat and wet soil communities. The strongest correlation between environmental variables and 

the primary gradient in species data (DCA 1) was flooding frequency (floods y-1) (Figure 1A) and 

flooding duration (d y-1) (Figure 1B) averaged over a 10 year period. 

DCA1 is based on species composition of the 92 relevées and is strongly negatively correlated to 

both flooding duration (0.2-205 d y-1, r=-0.97) and flooding frequency (0.1-10 floods y1, r= -0.94). 

Consequently, we used the words “often flooded” and “rarely flooded” on all subsequent figures 

with DCA 1 values on the horizontal axis to illustrate the compound effect of both flooding fre-

quency and duration.

Presence-absence of leaf gas films 

The main hypothesis was that leaf gas films is a flooding tolerance trait over-represented in hab-

itats characterized by short floods, whether frequent or rare cf. Winkel, Colmer and Pedersen 

(2011). Therefore, presence-absence of leaf gas films was surveyed for plant species found in 

the flood gradient (Table 1). We found that 41 of the 97 species tested were able to retain a gas 

film, and with only 1 species overlapping with the already 8 species known to form gas films (see 

Introduction) the knowledge on occurrence of this trait in a natural vegetation was significantly 

expanded.

Figure 2A shows the percentage of species with leaf gas films in a given relevé along the flood 
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gradient described by DCA 1. We expected a local maximum along the DCA 1 axis reflecting 

over representation of gas films in environments with short floods. However, the relationship 

between DCA 1 and percentage of species with leaf gas film shows a continuous increase from 

“often flooded” to “rarely flooded” habitat reaching a maximum value of about 80% except for 

a single outlier (Figure 2A). This relationship was strongly influenced by grasses that all possess 

gas films (Figure 2B). Hence, if an area is dominated by grass species, leaf gas films will always be 

a common trait. However, if grasses were excluded from the dataset, a similar trend was found, 

i.e. the percentage of gas film species still increased with DCA 1 values (Figure 2S). In the present 

data set, up to 66% of species in a given relevé were grass species but the relative proportion 

of grasses differed along the flood gradient. In the “often flooded” end of the gradient, several 

relevées had no grasses at all, whereas the middle of the flood gradient showed the greatest 

variation in percentage of grasses ranging from approximately 20 to 60%. In the most “rarely 

flooded” end of the flood gradient, the proportion of grasses again tended to decline (Figure 2A).

Specific leaf area (SLA)

As a second hypothesis, we expected that thin-leaved species (high SLA) should dominate the 

“often flooded” end of the flood gradient since this leaf trait will reduce total resistance to gas 

exchange with the floodwater. Such a relationship between flood occurrence and SLA was in-

deed present. Figure 3 shows the average SLA of species in each relevé along the flood gradient 

and SLA displays a strong negative correlation (r = -0.72) with flood occurrence i.e. high SLA (thin 

leaves) in the “often flooded” end of the gradient (low DCA 1 value, thus the negative correla-

tion) and thicker leaves in the “rarely flooded” end.

Leaf gas film retention time

The thin gas film is only retained as long as the leaf cuticle remains superhydrophobic, and con-

sequently we tested if gas film retention time differed among the 25 selected species. Of these, 

14 possessed leaf gas films when submerged into water but only 13 were included in the analysis 

of gas film retention time. Gas film retention time varied greatly as 1 species lost the gas film on 

the day it was submerged, while the longest-lasting gas film was retained for more than 11 d (Ta-

ble 2). Moreover, 8 of the 12 remaining species retained gas films for more than 7 d of complete 

submergence. There was no statistically significant difference in mean gas film retention time 

between the 5 species from the “often flooded” and the 8 species from the “rarely flooded” part 

of the flood gradient. Thus, gas film retention time is not correlated with the compound stress 

exerted by flooding frequency and duration.

Underwater net photosynthesis (PN)

Underwater PN of the 25 selected species varied between 0.03 and 1.06 µmol O2 m
-2 s-1 (Figure 

4A). When divided into mud flat and wet soils species (mud flat representing ’often flooded’ 

part of the flood gradient with low  to middle DCA 1 values and wet soil representing the “rare-
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ly flooded” with DCA 1 values above 5) there was no significant difference in underwater PN 

(unpaired t-test, P = 0.0556, n= 25, Figure 3A). When leaf gas film was included as a parameter 

there were highly  significant differences (P < 0.001) between mud flat species with and without 

leaf gas film, and between wet soil species with and without leaf gas films, but not between the 

groups of species with or without leaf gas film between mud flat and wet soil (Figure 4A). Over-

all, species with leaf gas films had on average 3.8fold higher underwater PN than species without 

leaf gas films, regardless of habitat. 

Underwater PN per species was used to calculate the average underwater PN for each relevé in 

which these 25 species were found. When plotted against the DCA 1 axis, there was a negative 

correlation with underwater PN of species with leaf gas films (Figure 5A) meaning that the less 

flooded relevées had lower average underwater PN. Underwater PN of species without leaf gas 

films also showed a negative correlation with DCA 1 (Figure 5A). Average underwater PN of all 

species in the habitats showed a positive correlation along the DCA 1 axis (Figure 5B) probably 

due to higher abundance of species with leaf gas films in the “rarely flooded” end of the flood 

gradient (Figure 2). The percentage of species with leaf gas films was 19% for DCA values of 1-2 

but 67% for DCA 1 values of 5-6.

Underwater dark respiration (RD)

Underwater RD was measured both at 10 kPa (expected to limit RD) and at 40 kPa pO2 (expected 

to saturate RD). At limiting pO2, there was no significant difference in underwater RD between 

mud flat and wet soil species neither with nor without leaf gas films (Figure 4B). However, on 

average “rarely flooded” relevées (DCA 1 values of 5.5 to 6.5) had 1.3fold higher underwater RD 

compared to “often flooded” relevées (DCA 1 values of 0 to 1). Moreover, there was a positive 

correlation between DCA 1 value and mean underwater RD of leaves of plant species in each of 

the relevées and the DCA 1 axis (Figure 6).

Underwater RD measured at high pO2 for leaves of plants in the “rarely flooded” end of the flood 

gradient with DCA 1 values between 5.5 and 6.5 were 1.3fold higher than in leaves from plants 

in the “often flooded” end with DCA 1 values between 0 and 1 (Figure 4C). The relationship be-

tween underwater PN and underwater RD showed a strong positive correlation both at strongly 

limiting pO2 for RD and at high pO2 (Figure 3S); RD was twofold higher at 40 kPapO2 compared to 

rates at 10 kPa pO2. We conclude that species from areas with frequent, long-lasting floods had 

lower underwater dark respiration rates than those from rarely flooded sites.

Discussion

The flood gradient examined in the present study showed a significant change in plant species 

composition from the “often flooded” to the “rarely flooded” end of the gradient. This is expect-
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ed to reflect filtering of species with plant traits that enhance survival during submergence such 

as flooding-induced shoot elongation related to water depth and duration of floods in a river 

floodplain (Colmer & Voesenek 2009; Voesenek & Bailey-Serres 2015). Also life-history traits 

are assumed to be important in the distribution and abundance of plant species in flood-prone 

environments. The present study demonstrated that leaf SLA was strongly positively correlat-

ed to flood occurrence (a combination of frequency and duration) so that species, overall, had 

thinner leaves in the “often flooded” end of the gradient thereby reducing total resistance to gas 

exchange with floodwater (Madsen & Sand-Jensen 1991). Although it has been demonstrated in 

laboratory studies (Colmer & Pedersen 2008; Pedersen, Rich & Colmer 2009) and  field investi-

gations (Winkel, Colmer & Pedersen 2011; Winkel et al. 2013) that leaf gas films also greatly en-

hance gas exchange with the floodwater, leaf gas films as a species-specific trait did not show the 

hypothesized positive relationship with flood occurrence for the floodplain species studied here. 

Leaf gas films

Gas film retention during submergence varied from 1 to 11 days for the 13 species tested, that 

were selected from the larger group observed to initially retain such a film (Table 2). Moreover, 

there was no statistical difference between duration of gas film retention among species that 

were frequently flooded (mudflat) and species from the wet soils that were flooded less often. 

Gas film retention has previously only been evaluated for 4 genotypes of rice in a field situation 

where even the most submergence tolerant genotype, FR13A, retained its leaf gas films for less 

than 7 d (Winkel et al. 2014) while Melilotus siculus retained the  leaf gas film only for 3 d in a 

greenhouse experiment  (Teakle et al.,(2014). Here, the median gas film retention time was 8 

days for frequently flooded mud flat species as well as rarely flooded wet soil species. Interest-

ingly, the leaves of Agrostis stolonifera retained gas films for more than 11 d (Table 2). The pre-

ferred habitat of A. stolonifera is in the “often flooded” end of the flood gradient with an average 

DCA 1 value of 4.4 of the relevées where it occurs, and these would on average experience 3 

floods y1 with up to 50 d of inundation (Figure 1). A. stolonifera possesses a relatively resilient 

leaf gas film which would enhance CO2uptake for photosynthesis (Figure 4A and (Raskin & Kende 

1983; Colmer & Pedersen 2008)) and O2 entry for dark respiration (Figure 4B, C and (Colmer & 

Pedersen 2008; Pedersen, Rich & Colmer 2009; Verboven et al. 2014)) during times of complete 

submergence. It is thus likely that the leaf gas film trait is of functional importance to certain 

species along the studied flood gradient.

As earlier hypothesized, we expected an overrepresentation of the leaf gas films trait in plant 

species along the flood gradient. In this study flood duration per year varied on average from 

9-23 d in the flood prone areas (DCA 1 values 0 to 1) to 0-2 d (DCA 1 values of 5.5 to 6.5) in the 

less flooded areas, and if gas film retention time lasts from less than 1 to 11 days according to our 

evaluation of 13 species with leaf gas films (Table 2) a possible over-representation (or ‘cluster’) 

of species with this trait along the flood gradient might have been evident, but it was not. Thus, 

we could not establish a correlation between leaf gas films and the distribution of plant species 

along the flooding gradients. This result does not preclude that leaf gas films might benefit spe-
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cies in habitats that are frequently flooded for a relatively short time, as demonstrated in other 

studies (Winkel, Colmer & Pedersen 2011).

Except for the initial DCA analysis that served to arrange the relevées according to flooding fre-

quency and duration, we omitted using the species density data and restricted all subsequent 

analyses to species presence-absence. We selected this approach in order to compensate for 

some of the ecological processes leading to dominance (or disappearance) of species following a 

catastrophic event such as flooding. When a flood event results in complete submergence, pos-

session of traits such as e.g., petiole elongation and/or formation of acclimated leaves with high 

SLA as shown for Rumex palustris (Voesenek et al. 2003a; Mommer et al. 2005) and leaf gas films 

as shown for rice and Melilotus siculus (Pedersen, Rich & Colmer 2009; Teakle, Colmer & Peders-

en 2014) are likely to result in enhanced survival. However, when the water recedes and the soil 

dries up, traits associated with a terrestrial life style become more favourable, while traits asso-

ciated with flooding are disadvantageous according to cost-benefit principles. Ultimately, traits 

important for interspecific competition, sensitivity to grazing and adaptation to drought e.g., 

leaves with low SLA (Violle et al. 2011; Baastrup-Spohr et al. 2015) may influence species density 

and presence-absence of various species. Thus, as time progresses following a flood event the 

impact of the flood upon the species composition diminishes.

Plant performance in air following the last flood is probably of less importance in the “often 

flooded” than in the “rarely flooded” areas. In the “often flooded” areas (DCA 1 < 1), the rele-

vées experience up to 10 floods y1 and the vegetation may be inundated annually for 180 days1 

(Figure 1). We propose that relevées located in such a flooding dominated environment would 

host vegetation that is strongly adapted to submergence and encompass species  that are able 

to produce aquatic leaves (e.g.,  Mentha aquatica, Myosotis palustris and Limosella aquatic)  

which, in fact, was the case (data not shown). In contrast, the relevées located in the “rarely 

flooded” areas (DCA 1 values exceeding 6), may only experience a flood once every 10 y and 

become completely submerged for only 2 d (Figure 1). Here, the flood event(s) is unlikely to 

have any impact on species composition at all or at least when examined several years after the 

flood. Moreover, a complicating factor for the present investigation is that these typical wet soils 

relevées are also grazed by cattle and sheep and for that reason grass species are benefitted. All 

grasses tested so far possess leaf gas films driving the negative correlation between flood occur-

rence and percentage of species with gas films (Figure 2) possibly occluding a localized leaf gas 

film species over-representation (or ‘cluster’) along the flood gradient.

Underwater PN

Our study has cemented the role of leaf gas films as a trait enhancing gas exchange between leaf 

and floodwater for a much larger number of species than previously assessed, and for the first 

time the beneficial role was demonstrated for non-wetland plants. Regardless of position on 

the flood gradient, leaf gas films enhanced underwater PN by 3.7- to 4.4fold (Figure 4A) showing 
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that leaf gas films operate equally well whether possessed by a plant from a wetland or from 

a drier habitat. The underwater PN rates obtained by these leaves with gas films at 180 µM CO2 

resembled those of aquatic, homophyllous and aquatic plants measured at 90 to 400 µM CO2 

and were only surpassed by aquatic leaf-types of heterophyllous amphibious plants (Sand-Jen-

sen, Pedersen & Nielsen 1992). In contrast, the barely positive rates of leaves of the terrestrial 

dryland plants without gas films are the lowest underwater PN values observed to date and were 

only 46% of those of the terrestrial wetland plants previously studied (Sand-Jensen, Pedersen & 

Nielsen 1992). Nevertheless, all species tested in the present study showed positive underwater 

PN at 180 µM CO2, which is in the lower end of CO2 range encountered in overland floods (Colmer, 

Winkel & Pedersen 2011). Higher external CO2 would probably enhance rates but whether these 

plants are primarily CO2 or light limited in the field during a flood is uncertain and depends on 

several conditions e.g., incident radiation, canopy density, floodwater clarity and CO2 concentra-

tion (Pedersen, Colmer & Sand-Jensen 2013). In the context of surviving a flooding event, even a 

modest underwater PN can contribute to carbohydrate conservation and O2 supply to shoot and 

roots (Colmer & Voesenek 2009; Pedersen, Rich & Colmer 2009).

Underwater PN shows an interesting pattern for each relevé on the flood gradient. Separating 

species into gas film and nongas film species resulted in a negative correlation between flood 

occurrence and underwater PN although the relationship is less strong for species without gas 

films (Figure 5A). This relationship for both gas film and nongas film species is possibly driven 

by the relationship of SLA and flood occurrence (Figure 3). Thicker leaves of species occurring 

in the “rarely flooded” relevées also had lower gas exchange rates and thus a lower underwa-

ter PN. However, when the analysis is performed including all species, the relationship changes 

completely and “rarely flooded” relevées now have higher underwater PN than “often flooded” 

relevées. This relationship is due to the increasing number of species with leaf gas films in the 

“rarely flooded” end of the flood gradient (Figure 2B), and since the trait of having leaf gas film is 

effective in underwater gas exchange (Colmer & Pedersen 2008), underwater PN for these “rarely 

flooded” relevées become high.

Specific leaf area (SLA)

Thin leaves (high SLA) is another trait that confers survival during submergence since such leaves 

reduce the total resistance to gas exchange with the floodwater (Madsen & Sand-Jensen 1991). 

Moreover, thick leaves (low SLA) confer drought tolerance (Brock & Galen 2005) as thick leaves 

with a low surface:volume ratio loose lower proportions of the water pool per unit of time. This 

relationship between water availability (including excess water) and SLA is clearly demonstrated 

by the positive correlation between SLA and flood occurrence (negative correlation between 

DCA 1 value and SLA in Figure 3). In the present study, the median SLA value of species occurring 

in relevées with a DCA 1 value of 2 or less is 30 m2 kg1 which is the same as for the terrestrial 

wetland species in the study of SandJensen et al. (1992). However, the study of SandJensen et 

al.(1992) also includes more aquatic species (amphibious plants and aquatic plants) with a me-

dian SLA of 92 m2 kg1 which is beyond the range covered by the present study that focuses on 
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terrestrial plants. The strong relationship between flood occurrence and SLA was also demon-

strated by Violle et al. (2011) covering a flood gradient similar to the one in the present study and 

also with a similar range in SLA (approximately 15 to 35 m2 kg1). Thus, it seems that SLA is a more 

“conservative” trait, compared to leaf gas films, which is preserved in the vegetation community 

following a flood event.

Conclusion

We have shown in this study that species growing under conditions of high flood occurrence 

possess thinner leaves (higher SLA) than those growing in the “rarely flooded” end of the flood 

gradient. This finding was anticipated as thin leaves reduce the total resistance to gas exchange 

when submerged. Apparently, ecological processes (e.g., inter specific competition and grazing) 

that could change species composition following a flood event were not sufficiently strong to 

change the strong relationship between SLA and flood occurrence. In contrast, the trait ‘leaf 

gas films’ did not show the hypothesized relationship of being most common in plants in areas 

with relatively short but frequent, or even few, floods (that is, between the “often flooded” 

and “rarely flooded” ends of the flood gradient). Instead, leaf gas films were more common 

among species in the “rarely flooded” relevées. This relationship was driven by the increased 

presence of grasses that all have superhydrophobic cuticles. The dominance of grasses in the 

“rarely flooded” end of the gradient was probably stimulated by grazing. We propose that traits 

with ecophysiological significance can be diluted following a flood event as a result of the subse-

quent processes leading to a specific species composition of a relevé. In order to better evaluate 

leaf gas films as a submergence tolerance trait we suggest investigating better defined flood 

gradients (e.g., to enable distinguishing between winter and summer floods) and couple species 

composition with detailed studies of leaf gas film retention time.
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Table 1 Specific leaf area (SLA, first fully expanded leaf, n=1) and presence-absence ( + or -, re-
spectively) of gas films on the stem (or sheath in case of grasses), the adaxial leaf side and the 
abaxial leaf side of 97 plant species found in the Rhine river area. n.d. = not determined.

Species
SLA (m2  kg-1 

DM) Stem

Leaf 

adaxial side

Leaf 

abaxial side

Achillea millefolium 15.1 + - +

Agrostis stolonifera 60.8 + + +

Alisma lanceolatum 33.3 - - -

Alopecurus pratensis 19.3 + + +

Anthriscus sylvestris 26.7 - - -

Aristolochia clematitis 26.7 + + +

Arrhenatherum elatius 14.2 - + +

Artemisia vulgaris 23.8 + - +

Bidens tripartita 34.7 - - -

Bellis perenne 32.3 - - -

Brassica napus 24.9 + + +

Bromus hordeaceus 38.7 - + +

Calamagrostis epigeios 14.0 - + +

Capsella bursa-pastoris 16.6 - - -

Carex arenaria n.d. - - -

Carex hirta 24.8 - - -

Centaurium pratense 20.8 + + +

Cerastium arvense 16.2 - - -

Cerastium fontanum 22.4 - - -

Chenopodium glaucum n.d. n.d. + +

Chenopodium rubrum n.d. n.d. - -

Chrysanthemum leucanthemum 15.8 - - -

Cirsium arvense 19.3 - - -

Crataegus monogyna 18.3 - - -

Crepis biennis 34.3 - - -

Cynodon dactylon 23.2 - + +

Dactylis glomerata 30.1 + + +

Daucus carota 24.1 - - -

Eleocharis acicularis n.d. n.d. - -

Eleocharis palustris 10.2 - - -

Elymus repens 22.3 n.d. + +

Equisetum arvense 12.3 + + +

Equisetum hyemale 4.7 + - -

Eryngium campestre 9.7 + + +

Euphorbia cyparissias 24.0 - + +

Festuca arundinacea 20.6 - + -

Festuca rubra 12.2 - + -

Galium molle 22.4 - - -

Geranium pusillum n.d. - - -
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Glechoma hederacea 25.6 - - -

Glyceria maxima 26.6 - - +

Heracleum sphondylium 28.8 - - +

Holcus lanatus 12.8 + + +

Hottonia palustris 32.6 - - -

Juncus compressus 13.0 - - -

Lactuca seriola 55.3 - + +

Lathyrus pratensis 33.3 - + +

Lepidium virginicum 16.9 - - -

Lolium perenne 21.8 - - +

Lotus corniculatus 27.1 - + +

Lysimacia vulgaris 27.5 - - -

Medicago falcata 20.8 - + +

Myosotis palustris 53.1 - - -

Oenanthe aquatica n.d. - - -

Ononis repens ssp. spinosa 13.3 - - -

Origonum vulgare 29.6 - - -

Pastinaca sativa 24.4 - - -

Phalaris arundinacea 25.0 - + +

Plantago intermedia 24.9 n.d. - -

Plantago lanceolatum 19.3 n.d. - -

Plantago major ssp. major 15.9 n.d. - -

Poa annua 89.3 + + +

Poa pratensis 21.1 - + -

Poa triviale 14.8 - + +

Polygonum amphibium 21.0 - - -

Potentilla anserina 23.0 + - +

Potentilla reptans 24.0 - - -

Ranunculus acris 26.4 + - +

Ranunculus repens 24.2 - - -

Ranunculus sceleratus 66.0 - - -

Rorippa amphibia 31.5 - - -

Rorippa sylvestris 15.3 - - -

Rubus caesius 26.8 - - -

Rumex conglomeratus 33.5 - - -

Rumex crispus 18.0 - - -

Rumex obtusifolius 22.1 - - -

Rumex palustris 61.4 - - -

Rumex thyrsiflorus 19.4 - - -

Saggitaria sagittifolia 24.4 - - -

Salix cinerea 16.8 - - +

Salvia pratensis 30.2 - - -

Saponaria officinalis 19.0 - - -

Scuttellaria galericulata 58.6 - - -
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Sedum acre 8.0 - - -

Senecio jacobaea 26.3 - - -

Silene pratensis 23.1 - - -

Sium latifolium 39.0 - - -

Symphytum officinale 21.1 - - -

Tanacetum vulgare 22.5 - - -

Taraxacum officinale 26.0 n.d. - -

Thalictrum minus 18.9 - + +

Tragopogon pratensis 23.1 - + +

Trifolium dubium 30.6 - + +

Trifolium pratense 25.3 - + +

Trifolium repens 18.2 - - -

Veronica teucrium 19.8 - - +

Viccia cracca 28.3 + + +
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Table 2 Presence-absence of leaf gas films, gas film retention time and habitat of 25 species of 
terrestrial plants used in laboratory experiments of underwater photosynthesis, underwater 
dark respiration and gas film retention time during submergence. Leaf gas films of the first fully 
expanded leaf were either present on both the abaxial and the adaxial side of the leaf (++), 
present on just one side (+) or absent (-). NA = not available. Leaf gas film retention time was 
measured by observing 4 replicate plants of each species completely submerged in an aquari-
um in an outdoor facility in Hillerød Denmark during the month of August.

Species names Gas film
Leaf gas film retention 

time (days) Habitat

Potentilla anserina + 0 Mud flats

Trifolium pratense ++ 1 Wet soils

Chenopodium glaucum ++ 3 Mud flats

Equisetum arvense ++ 3 Wet soils

Euphorbia cyparissias ++ 3 Wet soils

Arrhenatherum elatius ++ 8 Wet soils

Dactylus glomerata ++ 8 Wet soils

Phalaris arundinacea ++ 8 Mud flats

Alopecurus pratensis ++ 9 Wet soils

Festuca rubra + 9 Wet soils

Glyceria maxima ++ 9 Mud flats

Lolium perenne + 9 Wet soils

Agrostis stolonifera ++ 11+ Mud flats

Eryngium campestre ++ NA Wet soils

Anthriscus sylvestris - No gas film Wet soils

Bidens tripartita - No gas film Mud flats

Cerastium arvense - No gas film Wet soils

Chenopodium rubrum - No gas film Mud flats

Galium molle - No gas film Wet soils

Plantago lanceolatum - No gas film Wet soils

Potentilla reptans - No gas film Wet soils

Rorippa amphibia - No gas film Mud flats

Rumex palustris - No gas film Mud flats

Rumex thyrsiflorus - No gas film Wet soils

Taraxacum officinale - No gas film Wet soils
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Figure 1 Spearman rank correlation analyses between DCA axis 1 site scores and environmental 
variables were used to test the primary gradients at the study site. The strongest correlation 
between environmental variables and the primary gradient in species data (DCA 1) were “num-
ber of floods” (per year) and (r = 0.918, P < 0.0001) “inundation” (i.e. days of flooding per year) 
(r = 0.968, P < 0.0001) (A and B). Relevées with low DCA 1 values experience up to 10 floods 
per year with inundation duration up to 235 d per year, or on average each flood last 9 to 23 d. 
Relevées with high DCA 1 values can experience as little as one flood in a 10 year period which 
lasts up to 2 d.
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Figure 2 The percentage of species with leaf gas films in each relevé as a function of DCA 1 
value (n = 92; P < 0.0001; r =  0.9; Spearman rank correlation) in A and the percentage of grass 
species in each relevé as a function of DCA 1 value (n = 92; r =  0.76; P < 0.0001; Spearman 
rank correlation) in B. DCA 1 values are significantly correlated with number of flooding events 
and total inundation duration per year; low DCA 1 values correspond to frequent or long term 
flooding (up to 10 floods per year, duration on average between 9 and 23 d) (see Figure 1). 
Relevées with high DCA 1 values can experience as little as one flood, which lasts up to 2 d, in a 
10 year period.
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Figure 3 Specific leaf area (first fully developed leaf) of species found in each relevé versus DCA 
1 values. SLA values are given as a mean based on species present in a given relevé. There was 
a significant negative correlation between specific leaf area and DCA 1 value (n = 92; r = -0.72; 
P < 0.0001; Spearman rank correlation). DCA 1 values are significantly correlated with flooding 
events, inundation duration, soil moisture and soil dehydration; low DCA 1 values correspond 
to frequent or long term flooding (see Supplementary Data, Figure 2S).
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Figure 4 Underwater net photosynthesis (A), underwater dark respiration at 10 (B) and 40 (C) 
kPa pO2 of leaves of 25 species of terrestrial plants divided into mud flats (often flooded, medi-
an DCA 1 value of 1.3) and wet soils (rarely flooded, median DCA 1 value of 5.1) species with or 
without leaf gas films (GF) when submerged. In the box-whisker plots, the horizontal line indi-
cates the median, the box covers 50% of the observations and the bars indicate the data range 
(minimum to maximum). Letters in (A) indicate significant differences between the groups of 
species from mud flats or wet soils communities (Kruskall Wallis with Dunn’s post hoc test, n = 
25, P < 0.001), whereas in (B) and (C) there were no significant differences between the groups. 
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Figure 5 Mean underwater net photosynthesis of plant species in each relevée versus DCA 
1 values divided into species with leaf gas films (black circles, n = 85; r = -0.59; P < 0.0001; 
Spearman rank correlation) or without leaf gas films when submerged (open circles, n = 88; r = 
-0.25; P = 0.021; Spearman rank correlation) in panel A. Mean underwater net photosynthesis 
of all species present in each relevé (average underwater PN of species present in a relevé with 
and without leaf gas films) versus DCA 1 value (panel B, n = 90; r = 0.64; P < 0.0001; Spearman 
rank correlation). DCA 1 values are significantly correlated with flooding events and inundation 
duration; low DCA 1 values correspond to frequent or long term flooding (see Supplementary 
Data, Figure 2S). Because some relevées had no species in them when divided into “with” or 
“without leaf gas films”, n is lower in panel A than in panel B.



Chapter 5

82

Figure 6 Mean underwater dark respiration of species in each relevé versus DCA 1 value (n = 
85; r = 0.66; P < 0.0001; Spearman rank correlation). Underwater dark respiration (RD) values 
obtained at 40 kPa pO2 were used (see Figure 3). DCA 1 values are significantly correlated with 
flooding events, inundation duration, soil moisture and soil dehydration; low DCA 1 values 
correspond to frequent or long term flooding (see Supplementary Data, Figure 2S). Underwater 
RD values were not obtained for 3 of the 25 species investigated resulting in 5 relevées with no 
data for RD.
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SUPPLEMENTARY DATA

Table 1S Results of Detrended Correspondence Analysis (DCA) of 92 relevées hosting 72 species 

of plants from a natural flood gradient. For detailed information on sampling procedures see 

Voesenek et al. (2004).

____________________________________________________________

Axes    axis 1 axis 2 axis 3 axis 4

____________________________________________________________

Eigenvalues   0.86 0.29 0.19 0.17

Length of gradient  6.66 3.27 3.07 2.45

Variance of species data (%) 16.4 5.6 3.6 3.2

____________________________________________________________
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Figure 1S Result of Detrended Correspondence Analysis (DCA) of 92 relevées hosting 72 species 
of plants from a natural flood gradient. The relevées group in two main habitats, mud flats and 
wet soils. For detailed information on sampling procedures see Voesenek et al. (2004).
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Figure 2S The percentage of non-grass species (total number of non-grass species was 56) with 
leaf gas films in each relevé as a function of DCA 1 value (n = 91; P < 0.0001; r = 0.76; Spear-
man rank correlation). Number of species with leaf gas films was positively correlated to DCA 1 
value.
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Figure 3S Mean underwater dark respiration (RD) versus mean underwater net photosynthesis 
in each relevé for RD obtained at 10 kPa pO2 (n = 84; r = 0.43; P < 0.0001; Spearman rank cor-
relation) or at 40 kPa pO2 (n = 85; r = 0.43; P < 0.0001; Spearman rank correlation).
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Partially submerged deepwater rice that creates a depression in the surface tension of 
the water due to its superhydrophobic leaf cuticle. Photo by Ole Pedersen.
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The overall aim of research in this thesis was to extend knowledge of leaf gas film func-

tioning gained to date via controlled laboratory experiments (e.g., Colmer and Pedersen, 

2008; Pedersen et al., 2009) to an understanding of the role of leaf gas films on sub-

merged plants in field situations. In addition to knowledge from laboratory (see General 

Introduction) and field experiments (present Thesis), mathematical modelling has also 

elucidated mechanisms of gas film functioning at the leaf-level (Verboven et al., 2014) 

since the commencement of this Thesis research program. 

The influence of leaf gas films on internal aeration of two selected wetland species in 

contrasting submergence environments was studied using O2 microelectrodes to make 

real-time measurements of O2 concentrations within belowground tissues of Spartina 

anglica (Chapter 2) and Oryza sativa (Chapter 3) during complete submergence in field 

experiments. These dynamic measurements of tissue O2 concentrations were coupled 

with measurements of environmental parameters (e.g., light, temperature, dissolved 

CO2 and O2 concentrations and submergence depth) enabling insight into the complex 

dynamics of plant internal aeration, and the role of leaf gas films, for completely sub-

merged terrestrial wetland plants (Figure 1); for one case in a natural tidal submergence 

situation and for the second case during more prolonged simulation of lowland flooding 

of a paddy field.
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Figure 1: Conceptual model describing how leaf gas films influence submergence tolerance in 

completely submerged plants. Blue arrows indicate a positive influence, red arrows negative 

influence. No emphasis is placed on any particular processes or traits; however, carbohydrate 

status and internal aeration are key traits for submergence tolerance in completely submerged 

terrestrial plants (Bailey-Serres and Voesenek, 2008; Colmer, 2003; Voesenek et al., 2006). 

Underwater net photosynthesis is abbreviated UW PN.

Experiments were also conducted with submerged rice (Oryza sativa) in a flooded paddy 

field for a prolonged period while monitoring key features such as underwater net pho-

tosynthesis (PN), net underwater respiration (RD), leaf gas film retention time and sugar 

status, in order to better understand the effect of leaf gas films on submergence toler-

ance and the possible role of this feature in future efforts to improve crop submergence 

tolerance (Chapter 4). 

In order to assess the ecological significance of leaf gas films, a comprehensive screening 

of leaf gas films and specific leaf area (SLA) of terrestrial species along a natural flood 

gradient was conducted (Chapter 5). Laboratory measurements of underwater PN, RD 

and gas film retention time of a subset of 25 species chosen as representatives along the 

gradient were carried out to evaluate whether leaf gas films influenced species compo-

sition along a natural flood gradient. In addition, this work has increased the number of 

known species possessing super hydrophobic leaf cuticles with the potential of retaining 

a leaf gas film during submergence, from several to more than 92 species (Chapter 5).
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Key findings

Leaf gas films and underwater PN

In this thesis, underwater PN was measured on a total of 27 species of terrestrial plants 

(Chapters 2, 3, 4 and 5) including 4 different genotypes of rice (Oryza sativa). Sixteen of 

these species had leaf gas films when completely submerged and rates of underwater 

PN ranged from 0.54 to 5.3 µmol O2 m
-2 s-1 depending on CO2 concentration in the water 

(concentrations ranging between 15 and 5000 µM CO2) but the presence of leaf gas films 

also had a profound effect on  underwater PN. Underwater PN (at 100 µM CO2) was on 

average 3.8 fold higher for species with leaf gas films compared to species without leaf 

gas films (Chapter 5).  Moreover, underwater PN rates were 2.7 and 4.6 fold higher for 

leaves with gas films present compared to when the gas films had been experimentally 

removed, at CO2 concentrations close to atmospheric equilibrium (15 to 20 µM CO2) for 

Spartina anglica (Chapter 2) and rice (Oryza sativa, Chapter 3). These data demonstrate 

that leaf gas films enhance underwater PN at ecologically relevant CO2 concentrations. 

The benefits of improved underwater PN include endogenous O2 production which is cru-

cial in regards to internal aeration (Chapters 2 and 3) and likely improved carbohydrate 

status of submerged plants (Colmer et al., 2011; Mommer and Visser, 2005). Production 

of carbohydrates during submergence would enable metabolic processes to continue 

longer before running out of sugar substrate, an important aspect as low levels of carbo-

hydrates are associated with a decline in survival of rice after submergence (Das et al., 

2005). As shown in this thesis, leaf gas films enhance underwater PN by about 3 to 5 fold, 

a difference in carbohydrate production that would be expected to result in increased 

carbohydrate availability in tissues while these plants are completely submerged. This 

modest production of sugars could supplement the carbohydrate budget, adding to the 

benefits also of reduced consumption via the restriction of elongation growth (Colmer 

et al., 2014)). It is important to note that leaf gas films might enable improved carbohy-

drate production of plants while completely submerged however, underwater PN rates 

are still only a fraction of photosynthetic rates in air at ambient CO2 (4% for Spartina 

anglica, 4.5% for rice), so any production of carbohydrates will also be small relative to 

plants with leaves in air. The reason for the lower PN rates when under water is due to 

decreased CO2 uptake and possibly a buildup of O2 resulting in a higher rates of photo-

respiration. Nevertheless, increased underwater PN and thus O2 production raises tissue 

O2 status of the plant body and enables aerobic metabolism (oxidative phosphorylation) 

which is far more efficient than anaerobic ATP generation (fermentation with only sub-

strate level phosphorylation) and as a consequence indirectly conserves carbohydrates 

(if growth is also suppressed and not stimulated)(Bailey-Serres and Voesenek, 2008). 

These two factors (improved underwater PN with some, albeit low, carbohydrate produc-

tion and increased endogenous O2 production enabling efficient conversion of limited 

carbohydrates to ATP) seem to enhance carbohydrate status during complete submer-
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gence and possibly extend the duration a plant can survive (Chapter 4).

Leaf gas films and internal aeration

Internal aeration is the process of supplying O2 to plant tissues without a, or with an 

insufficient, direct source, i.e. movement of O2 from shoots (in air or surrounded by 

O2-containing water or with O2-produced in photosynthesis) via aerenchyma to rhizomes 

and roots in anoxic soils (Armstrong, 1979). Without O2, aerobic metabolism is inhibit-

ed which can lead to low-energy stress, cessation of growth and ultimately death (Bai-

ley-Serres and Voesenek, 2008; Greenway and Gibbs, 2003). Ensuring adequate aeration 

of belowground tissues in plants that are prone to partial or complete submergence 

involves formation of aerenchyma to facilitate gas-phase O2 diffusion from shoots (Arm-

strong, 1979; Colmer, 2003). In this thesis, I found that leaf gas films were an important 

component of internal aeration under field conditions of submerged rice and Spartina 

anglica (Chapters 2 and 3), but also that light was a key factor in determining the O2 con-

centration status of belowground organs and tissues of these plants when submerged. 

During daytime, floodwater O2 concentration accounted for only 14% of the variation 

in root pO2 in rice whereas light accounted for 70% (Chapter 3) indicating that endog-

enously produced O2 was the primary source for roots in anoxic soil when these plants 

were submerged. Floodwater pO2 during day had a positive effect on root pO2, but only 

indirectly. Due to underwater PN, internal pO2 is higher than in the surrounding flood-

water resulting in O2 being lost from the photosynthetic tissues to the floodwater. The 

mechanism by which floodwater pO2 influences internal aeration during daylight is indi-

rect since when floodwater pO2 increases, the gradient from the shoot to the floodwater 

decreases causing less O2 to be lost to floodwater and thus maintains higher concentra-

tions within the shoot so that more diffuses into the roots. 

During the night time, variation in floodwater pO2 accounted for more than 70% of the 

variation in root pO2 and was the main source of O2 for internal aeration when no light 

was available for underwater PN of submerged rice (Chapter 3). At night, rice plants with 

leaf gas films had root pO2 values of 0.24-0.42 kPa (severely hypoxic) but plants without 

leaf gas film went completely anoxic (O2 was below detection and presumably zero). 

During day, rice plants with intact leaf gas films had 1.2 fold higher root pO2 than plants 

without leaf gas films, but due to light availability and underwater PN, root pO2 in the 

plants with gas films removed was still above 10 kPa (floodwater had more than 100 µM 

CO2). The higher root pO2 of plants with leaf gas films was due to increased underwater 

PN during day coupled with increased O2 uptake from the floodwater during night. 

In Chapter 2, a similar response was found for Spartina anglica even though the CO2 con-

centration in the water was significantly lower (Chapter 2, Figure 5, 15 µM CO2) which 

indicates that leaf gas films increase underwater PN and thus available O2 for internal aer-

ation even at very low CO2 concentrations. This observation is further supported by data 

on underwater PN of leaf segments of Spartina anglica, where leaves with gas films had 
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2.5 fold higher rates than segments with gas films experimentally removed (Chapter 2, 

Table 3). Rhizomes of Spartina anglica never went anoxic during complete submergence, 

even with leaf gas films removed. However, it is likely that roots which were farther from 

the source of O2 (the shoot) would experience anoxia since rhizome pO2 during night 

dropped to values of 1.4 kPa. In contrast, Spartina anglica with leaf gas films intact only 

dropped to 5 kPa (3.7 fold higher) which should be enough available O2 to allow roots 

to remain aerobic, as was documented in laboratory experiments (Chapter 2, Figure 3). 

In summary, leaf gas films enhance gas exchange with the surrounding floodwater in-

creasing CO2 uptake during day and increasing underwater PN which in turn increases 

O2 in the shoot and thus internal aeration of belowground tissues. During night, the 

enhanced gas exchange of leaf gas films increases O2 uptake from the floodwater which 

can then diffuse to belowground tissues improving O2 availability.

The ecological significance of leaf gas films

Sustained internal aeration of roots and rhizomes during partial or complete submer-

gence is crucial for survival (Armstrong, 1979). The beneficial effect of leaf gas films on 

gas exchange (Verboven et al., 2014) has been hypothesized to contribute to submer-

gence tolerance of terrestrial plants (Colmer and Pedersen, 2008; Pedersen et al., 2009; 

Winkel et al., 2013). To evaluate this hypothesis, a screening study of leaf gas films pres-

ence/absence as well as leaf gas film retention time in terrestrial plants was conducted 

along a natural flood gradient in the Netherlands adjacent to the river Rhine (Chapter 

5). The hypothesis tested was that plants with leaf gas films would be more abundant 

than species without this feature in habitats that experience floods of short duration (< 

7 days; this time-frame is related to the expected time that gas films might persist, as 

observed for rice in Chapter 4), even if floods of such duration occur relatively frequent-

ly, due to the advantage that leaf gas films give for underwater PN during the day and O2 

uptake at night (Chapter 5). 

Leaf gas films were retained for 46 days on leaves of rice depending on genotype (Chapter 

4) and gas film retention time was positively correlated to underwater PN; when leaf gas 

films were lost underwater PN declined sharply and subsequently there was degradation 

of leaf chlorophyll. Based on these data for rice (Chapter 4) we expected to find more 

species with leaf gas films in a flooding regime where floods did not last significantly lon-

ger than the gas films (Chapter 5). This hypothesis was rejected as abundance of species 

with leaf gas films did not ‘peak’ at a specific flooding regime, but rather increased in fre-

quency from below 20% from the most flood prone areas with extended floods toward 

the drier areas with less frequent floods where up to 80% of species had leaf gas films. 

However, this finding does not necessarily rule out that leaf gas films can act as a bene-

ficial feature regarding submergence tolerance of terrestrial plants, but further research 

would be needed to provide a more detailed answer. Many species with leaf gas films, 

such as Agrostis stolonefera, Spartina anglica, Oryza sativa, Phalaris arundinacea and 
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Catabrosa aquatica, are found in flood prone areas. Further research into these species 

might elucidate what makes these species more adapted to flooding events than other 

species, and whether the gas films contribute to this tolerance and if the leaf hydropho-

bicity maintains gas film functioning for more extended periods. The study in Chapter 5 

did confirm findings that high SLA is correlated to flooding risk, likely due to the benefit 

of thin leaves on gas exchange with floodwater (Madsen and Sand-Jensen, 1991).

Future research

Leaf gas film research is relatively new, so additional knowledge on the topic is needed. 

The results from this thesis have raised several areas of research which could further 

elaborate on the knowledge of leaf gas films and benefits of this feature to plants in 

terms of flood tolerance. There are 3 areas, in particular, that deserve further attention:

1. Previous work on rice has discovered QTL’s that allow transferring a high degree 

of flood tolerance from a wild type to other genotypes (e.g., SUB1(Xu et al., 

2006)). Further research into the genetics of rice and the genes controlling for-

mation of leaf gas films and leaf gas film retention time when submerged might 

allow for even more flood tolerant genotypes. As hypothesized in Chapter 5, leaf 

gas films might benefit rice situated in areas where floods are frequent but of 

short duration (i.e. floods resulting in submergence events shorter than the leaf 

gas film retention time). Narrowing down which genes code for leaf surface prop-

erties that result in leaf gas films and the retention time could be an important 

step in further improving flood tolerance of rice.

2. Recent research (Ashikari and Kurokawa, unpublished) has identified a rice mu-

tant that does not retain leaf gas films soon after submergence. This discovery 

presents a unique opportunity to use rice as a model plant and use the mutant 

to compare the effects of leaf gas films on flood tolerance in the same species. 

Experiments to determine the influence on submergence tolerance of leaf gas 

films have been attempted previously (Chapter 3 and 4 in present thesis; (Peder-

sen et al., 2009)) but by manipulating the leaf gas films by brushing with a dilute 

detergent which presumably has the side effect of directly influencing the cuticle 

and wax crystals (but see ‘negative control’ in (2008) where they showed that 

underwater PN of two species that did not have a leaf gas film was not negatively 

influenced by brushing with Triton X). A novel use of the new mutants could be 

the exploitation of metabolomics (and biological scanning electron microscopy 

analyses of surface wax structures) on plants submerged for a prolonged period 

with the possibility of pinpointing exactly what happens at the physiological and 

biochemical levels inside the plant that prevents formation/retention of its leaf 

gas films.
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3. In lieu of the findings in Chapter 5, where leaf gas films did not appear to influ-

ence species’ distributions in natural flood prone habitats along a flood gradient, 

further investigation into leaf gas film retention time would be useful. The pres-

ence of leaf gas films was not, alone, a key factor in species composition along 

this flood gradient. Further work should evaluate leaf gas film retention time 

and other traits. A more thorough study of terrestrial plant species and leaf gas 

film retention time along several systems and flood gradients might elucidate 

why the benefits of leaf gas films was not reflected in the species distribution as 

reported in Chapter 5.

Conclusions

Leaf gas films enhance underwater gas exchange and contribute to flood tolerance of 

species with super hydrophobic leaves. By increasing underwater gas exchange, under-

water PN and underwater RD are increased and thus plant body aeration both during day 

and night. Increased internal aeration of plants while completely submerged as a result 

of leaf gas films means this feature has characteristics resembling a flood tolerance trait 

and could be classified as such. Improved tissue O2 status could result in less stress on 

completely submerged plants as metabolism can remain aerobic allowing plants the ef-

ficient use of carbohydrates and through underwater PN produce carbohydrates to re-

plenish, or at least partially supply sugar demand, alleviating some of the stress of being 

under water.

Most grasses and a large proportion of other terrestrial plants have super hydrophobic 

leaf surfaces and these possess leaf gas films when under water. In this thesis more than 

92 species have been documented for the first time to possess leaf gas films. Ongoing 

research into flood tolerance in crops can elaborate on the data presented in this thesis 

and possibly incorporate the knowledge into strategies to develop more flood tolerant 

crops in the future.
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Chapter 7

Appendix 1
Visualisation by high resolution synchrotron X-ray phase contrast micro-to-

mography of gas films on submerged superhydrophobic leaves
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3D visualization of a cross section of a Spartina anglica leaf based on x-ray micro-to-
mography. The purple layer shows the leaf gas film. Imaged by Torsten Lauridsen.
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a b s t r a c t

Floods can completely submerge terrestrial plants but some wetland species can sustain O2 and CO2

exchange with the environment via gas films forming on superhydrophobic leaf surfaces. We used high
resolution synchrotron X-ray phase contrast micro-tomography in a novel approach to visualise gas films
on submerged leaves of common cordgrass (Spartina anglica). 3D tomograms enabled a hitherto
unmatched level of detail regarding the micro-topography of leaf gas films. Gas films formed only on
the superhydrophobic adaxial leaf side (water droplet contact angle,U = 162�) but not on the abaxial side
(U = 135�). The adaxial side of the leaves of common cordgrass is plicate with a longitudinal system of
parallel grooves and ridges and the vast majority of the gas film volume was found in large �180 lmdeep
elongated triangular volumes in the grooves and these volumes were connected to each neighbouring
groove via a fine network of gas tubules (�1.7 lm diameter) across the ridges. In addition to the gas film
retained on the leaf exterior, the X-ray phase contrast micro-tomography also successfully distinguished
gas spaces internally in the leaf tissues, and the tissue porosity (gas volume per unit tissue volume) ran-
ged from 6.3% to 20.3% in tip and base leaf segments, respectively. We conclude that X-ray phase contrast
micro-tomography is a powerful tool to obtain quantitative data of exterior gas features on biological
samples because of the significant difference in electron density between air, biological tissues and water.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

X-ray micro-tomography is a powerful non-destructive visual-
isation tool in biological sciences. Within plant sciences, visualisa-
tion of plant roots in soils in situ in pots is an example of
application of X-ray micro-tomography to reveal 3D plant struc-
tures in an otherwise hidden environment (Mooney et al., 2012).
Sand and clay soil particles are both highly X-ray attenuating as
compared with the water-filled cells of roots, and so absorption-
based X-ray micro-tomography shows contrast between roots

and soil (Kuka et al., 2013; Tracy et al., 2010). X-ray micro-tomog-
raphy has also been used to visualise porosity (gas volume per unit
tissue volume) of plant tissues (Mendoza et al., 2007) where the
contrast is achieved between water-filled cells and gas-filled inter-
cellular spaces. 3D visualisation is required to model e.g., O2 diffu-
sion and distribution in tissues since gases diffuse 10,000-fold
faster in air than in water; examples include studies of O2 distribu-
tion in fruits (e.g., Ho et al., 2009) and in roots (e.g., Verboven et al.,
2012). However in contrast to studies of 3D root architecture in
soils, alternative techniques, such as conventional light micros-
copy, can also enable assessments of tissue structure to underpin
modelling of O2 movement in plants (e.g., Armstrong, 1979)
although visualisation of light microscopy slides and their 3D
reconstruction is a time-consuming process and lacks the sophisti-

http://dx.doi.org/10.1016/j.jsb.2014.08.003
1047-8477/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author at: The Freshwater Biological Laboratory, University of
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cated software now available for the tomographic reconstructions
and interpretations (Mendoza et al., 2007; Verboven et al., 2012,
2013).

In the present study, we used high resolution synchrotron X-ray
phase contrast micro-tomography in a novel approach to visualise
gas films retained on superhydrophobic leaves when submerged.
In plant science, water repellence is characterised using the contact
angle of a water droplet with the underlying surface (Adam, 1963;
Brewer and Smith, 1997); contact angles above 150� implies super-
hydrophobicity (Koch et al., 2008; Neinhuis and Barthlott, 1997).
The leaves of many wetland plants possess superhydrophobic leaf
cuticles and during submergence, which can happen in the tidal
zone (Winkel et al., 2011) as well as during overland floods (e.g.,
rice Colmer et al., 2014), such leaves are covered in a thin gas film
(Pedersen and Colmer, 2012; Raskin and Kende, 1983). Leaf gas
films greatly enhance the gas exchange between leaf surface and
floodwater (CO2 and O2 in the light and O2 during darkness) and
hence, contribute to the flood tolerance of these wetland plants
(Colmer et al., 2011; Verboven et al., 2014). During the day, the
better CO2 uptake from the floodwater results in enhanced rates
of underwater photosynthesis (production of carbohydrates as
well as O2) and during the night, the better O2 uptake sustains
internal aeration of the shoot as well as of belowground tissues
via internal O2 movement via aerenchyma (Colmer and Pedersen,
2008; Pedersen and Colmer, 2012; Teakle et al., 2014; Winkel
et al., 2011, 2013). Interestingly, the crop species rice (Oryza sativa)
possesses superhydrophobic leaves (Pedersen et al., 2009; Winkel
et al., 2013) and so do many wetland plants of ecological interest
e.g., Spartina anglica, Phragmites australis, Thypha latifolia, and Pha-
laris arundinacea (Colmer and Pedersen, 2008; Winkel et al., 2011),
so an in-depth understanding of the functioning and structure of
leaf gas films is of importance to understand plant submergence
tolerance in agricultural and ecological systems.

Characterisation of leaf gas film dimensions has previously been
achieved using two contrasting approaches. The most accessible
method involves buoyancy measurements of leaf segments before
and after removal of the gas film; the hydrophobicity of the leaf
surface can be greatly reduced by brushing it with a dilute deter-
gent (Colmer and Pedersen, 2008; Raskin and Kende, 1983). The
difference in buoyancy corresponds to the volume of gas film,
and the average gas film thickness can then be estimated from
the total area of the leaf segment – either for both surfaces
(Pedersen et al., 2009) or one surface (Winkel et al., 2011), as
appropriate. Application of the buoyancy method has shown that
the average gas film thickness varies between 50 and 67 lm for
the two species measured, S. anglica and rice (Pedersen et al.,
2009; Winkel et al., 2011, 2013). However, an estimate of gas film
thickness based upon this approach is unable to account for the
surface microtopography, which likely results in great variation
in actual gas film thickness. The spatial variation in gas film thick-
ness can partly be captured using microelectrodes (Pedersen et al.,
2009; Verboven et al., 2014). Pedersen et al. (2009) showed that
gas film thickness of rice ranged from 10 to 140 lm by using O2

microelectrodes to profile various locations on the leaf surface.
Because of the high diffusivity in air, the gas film could be detected
as a layer with no O2 concentration gradient just above the leaf sur-
face when submerged in darkness so that respiratory activity was
consuming O2 (Pedersen et al., 2009; Verboven et al., 2014).

In order to achieve improved characterisation of leaf gas films,
here we used high resolution X-ray phase contrast micro-tomogra-
phy to visualise the external gas layer on the superhydrophobic
leaves of common cordgrass (S. anglica) when submerged. Using
phase contrast micro-tomography instead of the conventional
absorption-based methods resulted in much better contrast allow-
ing for a more robust segmentation. Common cordgrass possesses
a gas film only on the adaxial side of its leaves as the abaxial side is

not sufficiently hydrophobic to retain a gas layer when under
water (Winkel et al., 2011). The average gas film thickness on
leaves of common cordgrass is approximately 50 lm (Winkel
et al., 2011) so in order to capture any effects of leaf microtopogra-
phy upon gas layer thickness, we aimed for lm resolution to match
data obtained with O2 microelectrodes from rice (see above). We
hypothesised that with such a sample, despite relatively low differ-
ences in X-ray attenuation, the large difference in electron density
between air and water would yield significant X-ray phase contrast
to enable distinction between water, external gas trapped on the
superhydrophobic leaf surface, the much denser cells making up
plant tissues and the internal gas-filled spaces within the leaf
tissues.

2. Materials and methods

2.1. Source of sample material

Turfs of common cordgrass (S. anglica, CE Hubbard) were col-
lected from populations at the Bay of Ho, Denmark, at multiple
time points during the summer months. For details regarding the
natural growth conditions of this population of common cordgrass,
see Winkel et al. (2011). The turfs were maintained outdoors in
Hillerød, Denmark, under natural light and temperature conditions
as waterlogged cultures in 5 L buckets until used in experiments.
Specimens used for high resolution X-ray micro-tomography were
gently washed out of the natural sediment, transported in moist
paper towels to the facility in Switzerland and studied within 4 d.

2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed with a JEOL
JSM-6320F scanning microscope in high vacuum. Leaf samples
were dehydrated in Petri dishes at room temperature to avoid
evaporation of water in the vacuum chamber and a subsequent
build-up of charge. Moreover, the leaves were coated with gold
to enhance the natural conductivity of the cuticle surface. Dry leaf
segments were fixed using double adhesive carbon tape on top of a
silicon wafer. Leaf segments from the lower third of the youngest
fully expanded leaf (subsequently referred to as ‘base’) were coated
with a layer of 20 nm gold and viewed at a voltage of 5 keV,
whereas samples from the upper third of the leaf (subsequently
referred to as ‘tip’) were coated with 15 nm of gold and viewed
at 10 keV.

2.3. Contact angle and hysteresis

Contact angle of water droplets (1 lL droplet of deionised
water; radius �0.625 lm) was used to assess wettability of the leaf
surface (Adam, 1963). On a rough and chemically heterogeneous
biological surface, the Cassie and Baxter model predicts that water
droplets are suspended across surface protrusions, and tiny air
pockets are thus formed between water and surface of the material
(Shirtcliffe et al., 2005). Using water to measure the contact angle
between droplet and surface of material enables classification into
hydrophobic (contact angle > 90�) or hydrophilic (contact
angle < 90�). Koch et al. (2008) subdivided the two categories fur-
ther and defined materials as superhydrophobic when the contact
angle exceeded 150�.

A water repellent surface can also be categorised as self-cleans-
ing when an applied water droplet rolls off the surface at a tilting
<10� (Koch et al., 2008). Rolling of a droplet occurs when the hys-
teresis is small and is defined as:

Hysteresis ¼ hadvancing � hreceding ð1Þ

62 T. Lauridsen et al. / Journal of Structural Biology 188 (2014) 61–70
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Measurements of contact angle and hysteresis were performed
with an Intel Play QX3 Computer microscope at 60�magnification.
A 1 lL water droplet (at air-equilibrium dissolved gas) was applied
to leaf segments from both base and tip (see above) using a micro-
pipette. A goniometer was placed in front of the camera with a
fixed glass slide on which the leaf segments were fixed with dou-
ble-sided tape. Angles were subsequently measured using Image J
(Schneider et al., 2012).

2.4. High resolution X-ray phase contrast micro-tomography

Biological samples have been studied using X-ray micro-tomog-
raphy before, both using absorption-only reconstruction (Verboven
et al., 2008), and holotomography (Cloetens et al., 2006). In the
present study, only a single-distance phase retrieval method was
used and furthermore the sample (a leaf segment) was submerged
in water. Given the water-submerged sample, the single-distance
phase retrieval method was the only feasible method. Phase-retrie-
val was essential because the absorption-contrast between plant
and water proved insufficient to distinguish surrounding water
from plant tissue in absorption images only, although the experi-
ment originally was planned to be an absorption contrast experi-
ment only.

All measurements involving high resolution X-ray phase con-
trast micro-tomography were carried out at the Paul Scherrer Insti-
tute at the TOMCAT beamline of the Swiss Light Source. Samples
were prepared as follows. Cut surfaces of the leaf segments were
sealed with capillary wax in order to reduce the possibility of
water infiltration into the gas filled structures of the tissues. Sam-
ples were fixed using a Styrofoam stopper in a 3 mL Eppendorf
(diameter of the lumen = 10 mm) tube filled with de-gassed water
resulting in a detector-sample distance of 15–40 mm. The water
was de-gassed to reduce movements and vibrations due to bubble
formation, which would otherwise form during exposure to high-
intensity radiation. Replicate leaf segments of the leaf tip (n = 3)
and the leaf base (n = 3) were scanned (average scan time of
10 min) and they all showed a similar structure of the leaf gas film
as the two leaf segments that were eventually segmented and pre-
sented in the present study.

The TOMCAT beamline uses a [Ru/C]100 double crystal multi-
layer monochromator, with a photon energy bandwidth of 2–3%
of the peak photon energy. We chose a peak photon energy of
12 keV, which gave us an acceptable transmission rate (�0.1
through the centre of the water-filled sample) while offering rea-
sonable contrast between the low density materials in our sample.
During X-ray exposure, samples were placed a few mm from the
detector and rotated through 180� in 2001 equiangular steps. A
scintillator-based optical 2048 � 2048 pixel CCD detector with an
effective pixel size of 0.375 � 0.375 lm2 was used (at 20�
magnification).

Individual projections were corrected for refraction effects (evi-
dent in the form of phase contrast fringes at the interface between
materials) by applying an algorithm for simultaneous phase and
amplitude retrieval (Paganin et al., 2002). From the refraction cor-
rected projections, tomograms were reconstructed using a filtered
back-projection algorithm with computations performed in MAT-
LAB. Applying the phase retrieval algorithm proved essential for
creating tomograms of a sufficiently good quality to allow a satis-
factory segmentation of the different components (plant tissue,
water and air). Initial attempts at segmenting tomograms using a
traditional absorption-only reconstruction algorithm proved fruit-
less, mainly due to refraction-induced edge enhancements arte-
facts. The Paganin phase retrieval algorithm takes refraction
effects into account, at the cost of an assumption of a constant d/
b-ratio of the refractive index throughout the sample (Paganin
et al., 2002); additional details in Supplementary Material. This

assumption can be described as a ‘‘single component at different
densities-assumption’’. With the elementary composition of plant
tissue and (salt) water being quite similar, the sample was a nearly
ideal system for applying the Paganin algorithm.

3. Results

3.1. Hydrophobicity and surface structure

The hydrophobicity of plant surfaces can be assessed using
combined measurements of contact angle to tissue surface and
hysteresis of a 1 lL droplet of deionised water (Adam, 1963;
Neinhuis and Barthlott, 1997). The adaxial side of the leaf (the ana-
tomical upper side) had average contact angles (�) of 162 ± 3
(mean ± SE, n = 8) and average hysteresis of 6.1 ± 2 (mean ± SE,
n = 7). Consequently, according to Koch et al. (2008), the adaxial
side can be classified as superhydrophobic with the contact angle
exceeding 150� and according to Koch et al. (2008) categorised as
self-cleansing as the tilting angel causing the droplet to roll was
<10�. This adaxial side possessed a gas film when submerged
(visual inspection). In contrast, the abaxial side (the anatomical
lower side) was hydrophobic with average contact angles of
135 ± 4� (mean ± SE, n = 3); the hysteresis of the abaxial side was
not determined. This abaxial side did not retain a gas film when
submerged (visual inspection).

The superhydrophobic feature of the adaxial side was caused by
a hierarchy of surface structures spanning three scales. The plicate
nature of the leaf with macroscopic features of alternating grooves
and ridges parallel to longitudinal axis of the leaf resulted in
hydrophobicity as illustrated by Cassie and Baxter’s model where
water droplets are suspended on such surface structures (Fig. 1).
On the microscale, surface roughness was provided by papillose
epidermal cells forming small buds, and finally the entire cuticle
was covered by three-dimensional epicuticular waxes of the plate-
lets type (Fig. 1); see Neinhuis and Barthlott (1997) for classifica-
tion of cuticular wax nano-structures. On the abaxial side,
however, all three roughness features present on the adaxial side
were absent and the surface appeared smooth (Fig. 1). Stomata
were only observed at the adaxial side and only inside the grooves
at a density of approximately 300 mm�2 and trichomes were
absent from both leaf sides.

3.2. Tomogram resolution

The 3D data from the tomographic reconstructions were com-
posed of cubic voxels with a size of 0.375 � 0.375 � 0.375 lm
resulting in a voxel volume of 0.053 lm3. The actual resolution is
a combined result of the source size, detector response, the filters
used for reconstruction and, most significantly in this case, the
phase-retrieval algorithm (which is also a low-pass filter, Paganin
et al., 2002). In order to assess this resolution, we compared a 2D
tomogram slice of 50 � 50 lm with a SEM image of a similar area
inside one of the grooves of the adaxial side of the basal part of the
leaf (Fig. 2). On the SEM image, the papillae are clearly evident and
even the contour of the wax crystals are perceptible (Fig. 2A). Exact
measurements of average papilla width and height based upon the
SEM micrographs revealed a mean width of 3 lm and mean height
of 4 lm. On the tomogram, the papillae are also clearly evident but
contours of wax crystals on the sub-lm scale are not visible
(Fig. 2B). Estimates of mean papilla width and height (3 and
4 lm, respectively) were similar to those based upon the SEM
micrographs.

The excellent resolution of a few lm is retained also after seg-
mentation although with someminor loss of details (Fig. 2C and D).
The contour reconstruction of surface tissue inside a groove reveals
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Fig.1. Surface scanning electron micrographs of the youngest fully expanded leaf of common cordgrass (Spartina anglica); micrographs are from the middle part of the leaf.
Micrographs are shown for the adaxial side (A and C) and the abaxial side (B and D) at two magnifications (scale bars in (A and B) 100 lm; in (C and D) 10 lm). R = ridge,
G = groove, S = stoma and P = papilla.

Fig.2. Scanning electron micrograph (A), high resolution X-ray micro-tomogram slice (B), 3D reconstruction of surface tissues (C) and 3D reconstruction of gas film (D) of a
50 � 50 lm section of the adaxial side of the youngest fully expanded leaf (base segment) of common cordgrass (Spartina anglica). In (A) the sub-lmwax crystals covering the
leaf cuticle are barely visible. In (B) light shades of grey represent electron-dense tissues whereas the darker shades of grey represent gas. In (C and D) the contours show the
reconstruction of the papillae (indicated by arrows in all four panels); in (C) as small elevations on the surface and in (D) as small dents in the gas film (the leaf segment in (B–
D) was submerged into water during X-ray measurements). Scale bar = 10 lm.
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most of the papillae but it also seems that some are lost in the seg-
mentation algorithm (Fig. 2C). Similarly, contour reconstructions of
the gas film reveal the papillae as tiny imprints (Fig. 2D).

3.3. Qualitative analysis of 3D tomograms

The 3D tomograms clearly showed the spatial distribution of
gas inside the tissues as well as gas on the leaf surface, the leaf
gas film, when submerged in water. On both base and tip leaf seg-
ments, the gas film filled the surface tissue grooves, forming elon-
gated triangular volumes of gas on the superhydrophobic adaxial
side of the leaf (Figs. 3 and 4). These gas layers of relatively high
volume within each groove were connected to each other via a fine
network of gas film covering the tissue ridges between each of the
grooves (Figs. 3 and 4) resulting in gas phase connection of all
observed external gas volume. In contrast, no gas films were
observed on the abaxial side of the leaf.

Internal gas-filled structures were equally well segmented as
compared to the external leaf gas films (Figs. 3 and 4). However,
the internal gas-filled structures differed greatly between base
and tip leaf segments. Within base segments, the internal gas-filled
components were distributed into large bulky cavities referred to
as lacunae or aerenchyma (Armstrong, 1979) and into a much finer
internal network of intercellular gas-filled spaces (Fig. 3). The large

aerenchyma lacunae were separated by tissues with the veins (i.e.,
areas with vascular tissues) in the leaf lamina. In contrast, the tip
segment only contained a network of fine intercellular gas-filled
spaces but no lacunae (Fig. 4). Higher spatial resolution (cf. greater
‘magnification’) revealed details of gas-filled micro-structures
inside the leaf tissues, and sub-stomatal cavities (zones of high
gas volumes) were well connected via this fine network of gas-
filled intercellular spaces (Fig. 5). However, we could not resolve
gas-connectivity across stomata (detection limit of any gas-filled
channel of 0.375 lm in diameter) under the present conditions,
but such connectivity must exist in natural conditions (e.g., sub-
merged field plants in Winkel et al., 2011, 2013; modelling data
of Verboven et al., 2014). Animation videos of base and tip seg-
ments as well as close-ups of internal gas-filled spaces and gas
films are shown in Supplementary Material, Videos 1S, 2S, 3S and
4S.

3.4. Quantitative estimates derived from 3D tomograms

Previous studies of leaf gas films were limited to relatively
crude estimates regarding quantitative dimensions such as thick-
ness (see Section 1). These were derived from measurements of
external gas volume (based on buoyancy measurements before
and after removal of the leaf gas film with a dilute detergent)

Fig.3. 3D tomograms of the basal part of the youngest fully expanded leaf of common cordgrass (Spartina anglica) obtained by X-ray phase contrast micro-tomography.
Internal gas-filled spaces (A, blue) projected onto a slice of the tomogram of leaf tissue (grey); black indicates external gas film. The leaf segment was submerged into water
and the superhydrophobic adaxial side of the leaf retained a thin gas film (B, purple); black on the slice indicates internal gas-filled spaces. Two xylem vessels had embolized
and are visible as blue pillars in (A) and as two black spots inside the vascular bundle in (B).
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and area of the leaf segment analysed, or microelectrode profiling
under certain conditions. The present approach using high-resolu-
tion X-ray micro-tomography enabled us to obtain much more
detailed quantitative information on the spatial distribution of leaf
gas films with a resolution of a few lm or less (see tomogram res-
olution above).

A detailed view of the network structure connecting the gas-
filled tissue surface grooves is provided in Fig. 6. The average diam-
eter of the tubules forming the network across the ‘ridges’ was 1.7
and 1.4 lm (base and tip segment, respectively), and the gas
trapped in the tubules made up only 2.8% to 6.1% (base and tip seg-
ment, respectively) of the total volume of leaf gas film. In contrast,
the depth of the triangular structures ranged from 180–191 and
32–77 lm (base and tip segment, respectively), and the gas pres-
ent in these structures made up 97.2% to 93.9% (base and tip seg-
ment, respectively) of the total volume of leaf gas film. The
dimensions of these two contrasting volumes underlines spatial
3D variability of the leaf gas film. For comparison, Winkel et al.
(2011) provided a mean gas film thickness of 50 lm on the super-
hydrophobic adaxial leaf side (Table 1). A similar estimate can also
be derived from the tomograms in Figs. 3–6 using measurements

of external gas volume and projected adaxial leaf area, resulting
in a mean gas film thickness of 45 and 21 lm for base and tip seg-
ments, respectively. Furthermore, if instead of projected surface
area the actual surface area of the superhydrophobic adaxial leaf
side is estimated based upon the microtopography of the leaf sur-
face and used to calculate the mean gas film thickness, the mean
gas films thickness is 13.9 and 6.7 lm for base and tip segments,
respectively.

The internal gas spaces can also be quantified and compared to
more conventional measurements of tissue porosity (for methods,
see Raskin, 1983). As outlined above, the base segments contained
more internal gas-filled volume than the tip segments because the
base segment, in addition to the fine gas-filled intercellular net-
work of spaces, also contained aerenchyma lacunae. Thus, the
overall tissue porosity was 15.9% in the base segments but only
5.3% in the tip, as compared to 7% reported by Winkel et al.
(2011) and measured on the middle part of the leaf but excluding
the midrib. The gas film to total leaf gas volume ratio did not differ
between base and tip leaf segments (Table 1). The relevance of this
parameter is related to (i) the physics/physiology of underwater
photosynthesis where the vast volume of external gas can function

Fig.4. 3D tomograms of the tip part of the youngest fully expanded leaf of common cordgrass (Spartina anglica) obtained by X-ray phase contrast micro-tomography. Internal
gas-filled spaces (A, blue) projected onto a slice of the tomogram of leaf tissue (grey); black indicates external gas film. The leaf segment was submerged into water and the
superhydrophobic adaxial side of the leaf retained a thin gas film (B, purple); black indicates internal gas-filled spaces. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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as a short term buffer/reservoir of CO2 and O2 (Sand-Jensen et al.,
2005) and (ii) methods involving porosity measurements or mea-
surements of underwater photosynthesis where a large fraction
of external gas can influence the calculations. Finally, the propor-
tions of gas volumes inside and outside leaves are also of interest
for situations with longitudinal gas diffusion e.g., if leaf tips are
emergent above water (Beckett and Armstrong, 1992), but that sit-
uation was not studied here so this parameter is not subsequently
discussed in any further detail.

In summary, the 3D tomograms enabled a hitherto unmatched
level of details regarding the micro-topography of the gas films on
the surface of the submerged leaves.

4. Discussion

High resolution synchrotron X-ray phase contrast micro-
tomography was shown to successfully visualise gas films on the
superhydrophobic surface of leaves when submerged, using the
interesting example of the wetland plant common cordgrass (S.

anglica). The large difference in electron density between air and
water enabled the required contrast between water, external gas,
cells and tissues and internal gas-filled spaces revealing the gas-
filled network. Below, we discuss in further detail (i) the functional
aspects of the superhydrophobic properties being restricted to the
adaxial side of the leaf, (ii) the spatial information on leaf gas films
obtained in the present study and compare it with information
obtained with other methods for the same and one other species,
and (iii) the surface structure leading to hydrophobicity in com-
mon cordgrass.

The present study confirmed that common cordgrass possesses
a gas film only on the adaxial side of its leaves (Winkel et al., 2011)
as the abaxial side is not sufficiently hydrophobic to retain a gas
layer when under water. This observation was achieved using a
combined approach of X-ray micro-tomography to visualise the
leaf gas films under water, SEM to characterise the leaf surface
structure and water droplets (1 lL) with image analyses to mea-
sure contact angle to the leaf surface. The abaxial side appeared
smooth and lacked the fine wax platelets that covered the adaxial

Fig.5. 3D tomograms of the basal part of the youngest fully expanded leaf of common cordgrass (Spartina anglica) obtained by X-ray phase contrast micro-tomography. Close-
up on internal gas spaces (blue) projected upon a 2D cross-section of leaf tissue (grey); target area for zooming is indicated in red. The arrows show areas with sub-stomatal
cavities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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leaf surface. In contrast, the adaxial leaf side was superhydropho-
bic as it possessed hierarchal structures at the macro-, micro-
and nano-levels together resulting in large contact angles (162�)
when probed with the water micro-droplet method; this is 14�
more than reported by Winkel et al. (2011) suggesting that these
properties can vary somewhat within a species and/or at different
sampling times as the same common cordgrass population was
used in both studies. The functional aspects of hydrophobicity con-
fined to only one side of the leaf is likely related to the fact that the
vast majority of stomata in common cordgrass are located on the
adaxial side with very few on the wettable abaxial leaf side. Inter-

estingly, salt glands are reported to occur on both leaf sides of com-
mon cordgrass (Maricle et al., 2009). In its natural habitat, common
cordgrass is often submerged twice a day during high tides (Winkel
et al., 2011). Hence, the superhydrophobic adaxial leaf side ensures
that a gas film is formed when under water (Figs. 3–6) enhancing
gas exchange with the environment, via the gas films and stomata
(Verboven et al., 2014; Winkel et al., 2011).

The surface structures leading to the superhydrophobic proper-
ties of common cordgrass are similar to those reported for rice (O.
sativa). The contact angle between the leaf surface and tiny water
droplets in rice is similarly steep (157–162�) and the leaves are

Fig.6. 3D tomograms of the basal part of the youngest fully expanded leaf of common cordgrass (Spartina anglica) obtained by X-ray phase contrast micro-tomography. The
leaf segment was submerged into water and the superhydrophobic adaxial side of the leaf retains a thin gas film (purple) projected onto a 2D cross-section of leaf tissue
(grey). Close-up on a ridge with target area for zooming indicated in red. The gas film inside the grooves is connected via the ridges by a thin network of gas. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Key tissue and gas film parameters as determined by high-resolution X-ray phase contrast micro-tomography on submerged leaf segments of common cordgrass (Spartina
anglica). Data from leaf base (mid lower third of leaf) and leaf tip (mid upper third of leaf) based on the present study as well as on literature data (mean ± SE, n = number of
replicates). Estimates of gas film properties are based on total volumes of the 3D tomograms (base: 0.066 lL and tip: 0.089 lL) of tissue, internal gas and external gas, whereas
estimates of tissue porosity and gas film to total leaf gas volume ratio are based both on whole 3D tomograms and tomogram slices. Different letters indicate significant
differences (P < 0.05, t-test) between leaf base and leaf tip.

Leaf base Leaf tip Literature values

Tissue porosity (% gas of total volume) 15.9a ± 3.2 5.3b ± 0.8 7 ± 1, n = 5 (Winkel et al., 2011)*

Mean gas film thickness (lm) 451 211 50 ± 4, n = 5 (Winkel et al., 2011)*

Max. gas film thickness in tissue surface grooves (lm) 184a ± 5, n = 6 92b ± 5, n = 6 n.a.
Max. gas film thickness on tissue surface ridges (lm) 5.0a ± 1.6, n = 20 3.4a ± 0.9, n = 18 n.a.
Gas film to total leaf gas volume ratio 0.50a ± 0.05 0.66a ± 0.14 n.a.

1 n = 1.
* This value was taken from the middle of the leaf but excluding the midrib.
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longitudinally grooved with papillose epidermis covered by wax
platelets (Guo and Liu, 2007; Neinhuis and Barthlott, 1997), but
on both sides so that rice leaves retain gas films on both surfaces
when submerged (Pedersen et al., 2009; Raskin and Kende, 1983;
Setter et al., 1989). The steep contact angle along with low hyster-
esis reported in the present study (6.1�) renders the leaves of both
common cordgrass (adaxial) and rice (both sides) are self-cleansing
(Bhushan et al., 2009), a phenomenon referred to as the ‘Lotus
Effect’ (Barthlott and Neinhuis, 1997). Habitats of both common
cordgrass growing in salt marshes (Maricle et al., 2009) and rice
which originated from tropical wetlands (Londo et al., 2006) are
prone to submergence events (common cordgrass, Winkel et al.,
2011; rice, Colmer et al., 2014). Self cleansing leaf surfaces would
be beneficial when in air to prevent wetting of the leaves and thus
clogging of the stomata by water if it were otherwise retained on
the surface (Brewer and Smith, 1997), and when under water it
would reduce the deposition on the leaf surface of suspended par-
ticles as these settle in floodwaters. The importance of self-cleans-
ing for the floating (horizontal) leaf of the sacred lotus is evident
(Neinhuis and Barthlott, 1997), whereas leaf angles in common
cordgrass are above the horizontal, but not as erect as for modern
rice varieties (personal observations).

Superhydrophobicity of the leaf surfaces results in retention of a
gas film when plants are submerged by water, and our study has
characterised the gas film on leaves of a wetland species with
details that have not previously been achieved. Microelectrode
profiling showed gas film thickness on rice leaves varied spatially
between <10 lm and up to 140 lm (Pedersen et al., 2009), but this
method does not enable direct associations with the underlying
surface structure. The triangular volumes filling the leaf surface
grooves of common cordgrass (see Section 3.4) varied between
32 lm (tip segments) and 191 lm (base segment) in depth and
the tubules forming the network covering the ridges were on aver-
age <2 lm thick. Considering that rice has a similar plicate leaf
morphology as common cordgrass with alternating grooves and
ridges, the present detailed images of leaf gas films in the present
study suggest that the earlier measured variation by Pedersen et al.
(2009) for rice would presumably derive from similar surface gas
features on the rice leaves as documented here for common
cordgrass.

It has recently been shown that leaf gas films on rice submerged
in a field situation eventually collapse (i.e., cease to exist) after
some time of submergence as presumably the superhydrophobic
properties are lost (Winkel et al., 2014). From the present study,
it seems that the fine network of gas film covering the ridges might
be particularly prone to lose the gas trapped in the tubules (Fig. 6).
The loss of the network may not be crucial for the gas film func-
tioning under water since the stomata in common cordgrass are
primarily located towards the bottom of the surface grooves
(Maricle et al., 2009), and underwater photosynthesis in sub-
merged rice was initially unaffected by the decline in overall gas
film volume until a point where the gas filmwas apparently almost
completely lost and then the underwater photosynthesis declined
(Winkel et al., 2014). However, the experimental variation may
mask the potential relationship between total gas collecting area
(projected area of network) and projected area of the triangular
volumes filling the grooves, and a modelling approach is required
to unravel the functioning of the gas-filled network now that the
more detailed spatial variability in gas film dimensions is known
for common cordgrass, and particularly so if the gas volume
reduces with time of submergence as documented for rice by
Winkel et al. (2013). For the presently available modelling of the
function of leaf gas films see (Verboven et al., 2014).

Our study on 3D visualisation of leaf gas films demonstrates the
need to survey more contrasting species to better understand these
traits for various wetland and crop species, as leaf gas films are

important for gas-exchange, growth and potentially the survival
of terrestrial wetland plants during periods of submergence
(Colmer and Pedersen, 2008; Pedersen et al., 2009; Teakle et al.,
2014). The present qualitative combination of high resolution X-
ray micro-tomography and scanning electron microscopy would
enable an understanding of the structural changes in the cuticle
that occur with time of submergence and how these changes affect
hydrophobicity and the capacity to retain a gas film under water.
Moreover, there is a need to integrate the 3D structure of the gas
film in models describing O2 and CO2 exchange with floodwater;
such level of complexity is currently not included the models
(Verboven et al., 2014). To achieve these goals, a cross-disciplinary
approach is needed – and without such an approach, we would not
have been able to achieve this hitherto unmatched level of details
regarding the micro-topography of the gas films on the leaves of
submerged common cordgrass.
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Completely submerged vegetation creating bubbles of trapped gas due to underwater 
photosynthesis. Photo by Ole Pedersen.
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Abstract

Background
and aims

Wetland plants inhabit flood-prone areas and therefore can experience episodes of complete
submergence. Submergence impedes exchange of O2 and CO2 between leaves and the environ-
ment, and light availability is also reduced. The present review examines limitations to under-
water net photosynthesis (PN) by terrestrial (i.e. usually emergent) wetland plants, as
comparedwith submergedaquatic plants,with focus on leaf traits forenhancedCO2acquisition.

Scope Floodwaters are variable in dissolved O2, CO2, light and temperature, and these parameters
influence underwater PN and the growth and survival of submerged plants. Aquatic species
possess morphological and anatomical leaf traits that reduce diffusion limitations to CO2

uptake and thus aid PN under water. Many aquatic plants also have carbon-concentrating
mechanisms to increase CO2 at Rubisco. Terrestrial wetland plants generally lack the numer-
ous beneficial leaf traits possessed by aquatic plants, so submergence markedly reduces PN.
Some terrestrial species, however, produce new leaves with a thinner cuticle and higher spe-
cific leaf area, whereas others have leaves with hydrophobic surfaces so that gas films are
retained when submerged; both improve CO2 entry.

Conclusions Submergence inhibits PN by terrestrial wetland plants, but less so in species that produce new
leaves under water or in those with leaf gas films. Leaves with a thinner cuticle, or those with
gas films, have improved gas diffusion with floodwaters, so that underwater PN is enhanced.
Underwater PN provides sugars and O2 to submerged plants. Floodwaters often contain dis-
solved CO2 above levels in equilibrium with air, enabling at least some PN by terrestrial
species when submerged, although rates remain well below those in air.

Introduction
Emergent wetland plants are well adapted to water-
logged soils, but can also experience episodes of com-
plete submergence. Complete submergence has an

impact on wild species in coastal marshes and river
floodplains (Armstrong et al. 1985), and many rice
crops are grown in regions threatened by floods,
causing submergence (Jackson and Ram 2003).
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Complete submergence impedes the exchange of O2

and CO2 between leaves and the environment (Mommer
and Visser 2005; Voesenek et al. 2006). Light availability
to submerged plants also decreases, and markedly so
when floodwaters are turbid (Mommer and Visser 2005;
Voesenek et al. 2006). Restricted photosynthesis, but
ongoing substrate consumption in respiration or fermen-
tation, causes sugars to become depleted in submerged
plants, which in turn can result in damage or even death
from substrate exhaustion (Bailey-Serres and Voesenek
2008; Colmer and Voesenek 2009).

The interface between land andwater is notwell defined
as water tables fluctuate with precipitation and evapor-
ation, so that plants experience variable periods and
depths of flooding (Sculthorpe 1967). Plants exploit niches
across these dynamic flooding gradients, but functional
classification of plant types lacks sharp boundaries owing
to the continuum of diversity. Notwithstanding these diffi-
culties, plants from the wettest end of the gradient have
been classified into two main groups: (i) aquatic plants
that primarily live completely submerged and (ii) amphibi-
ous plants that live with emergent shoots or develop
water forms when submerged (Iversen 1936; cited by
Sculthorpe 1967). Emergent wetland plants typicallymain-
tain a large portion of their shoots in air, but occasionally
become completely submerged. To clearly distinguish
these emergent plants from other wetland species with
shoot portions in air (e.g. emergent amphibious plants),
we refer to this functional group as ‘terrestrial wetland
plants’ (present review; Colmer and Pedersen 2008; Peder-
sen et al. 2010). Such distinction is important as terrestrial
wetland plants typically grow vigorously in waterlogged
soils and/or areas with shallow standing water, with the
depth limit being determined by capacity for transport of
atmospheric O2 to belowground tissues (Sorrell et al. 2000).
For submerged terrestrial plants, O2 deficiency and

escape responses via shoot elongation have been eluci-
dated, revealing sophisticated signalling, changes in
gene expression and altered metabolism during submer-
gence (e.g. reviewed by Bailey-Serres and Voesenek
2008, 2010). The capacity for some net photosynthesis
(PN) to continue when under water enhances plant toler-
ance of submergence, as PN provides O2 for internal aer-
ation and sugars for energy metabolism and growth
(Mommer and Visser 2005).
The present review examines limitations to under-

water PN by terrestrial wetland plants and compares
their functioning with aquatic plants. Our focus here on
underwater PN as related to the ecophysiology of sub-
mergence tolerance adds to the vast knowledge on
root adaptations in wetland species. Roots of wetland
plants typically contain large volumes of aerenchyma,
often a barrier to radial O2 loss, and the ability to

tolerate tissue O2 deficits and reduced phytotoxins in
waterlogged soils (Armstrong 1979; Jackson and Arm-
strong 1999; Bailey-Serres and Voesenek 2008; Colmer
and Voesenek 2009). Here, we show that underwater
PN by submerged terrestrial wetland plants is limited
by CO2 availability even though floodwaters commonly
contain dissolved CO2 above air equilibrium, and so leaf
traits influencing underwater PN are important for
submergence tolerance.

The submergence environment during
overland floods
Floods differ in seasonal timing, duration, depth and
frequency (e.g. Vervuren et al. 2003). Floodwater proper-
ties (e.g. water turbidity and dissolved CO2) that influ-
ence plant functioning can also differ substantially;
light and CO2 available to submerged plants determine
underwater PN and survival (Mommer and Visser 2005;
Pedersen et al. 2010). Thus, the flooding regime and
water properties influence plant species distributions in
flood-prone areas (Armstrong et al. 1985; Voesenek
et al. 2004). In this section, we discuss three types of
flooding events that can affect terrestrial wetland
plants: flash floods, seasonal floods and tidal flooding.
Flash floods occur when heavy rainfall causes water

levels to rise rapidly for a variable period of time, espe-
cially as run-off moves to low-lying areas (Setter et al.
1987; Brammer 1990; Ram et al. 1999). Flash floods in
some regions can be more likely to occur during specific
seasons, but in other areas flash flooding is not season
specific. Seasonal floods are caused by an increase in
water flow that surpasses the capacity of rivers in a land-
scape to discharge the large volumes of water, resulting
in overflow of banks and floodplains. The origin of the
increased water flow can be seasonal precipitation
and/or snow melt (Brammer 1990). Tidal flooding
impacts coastal plains and estuarine marshes with
depths determined by the moon’s cycle (e.g. neap
tides and spring tides). Tidal floods involve saline
water, whereas overland floods are usually freshwater,
with the exception of some inland catchments with
salt lakes.
Flooding can occur with various combinations of

chemical and physical properties in the water; O2, CO2,
temperature, pH and light can all vary (Setter et al.
1987; Pérez-Lloréns et al. 2004). Seawater pH is well buf-
fered as it contains HCO3

2 (2.2 mM; Millero et al. 1998)
and HCO3

2 also buffers against severe depletion of dis-
solved CO2. In freshwater floods, HCO3

2 and CO2 concen-
trations are highly variable, but dissolved CO2 is
commonly above air equilibrium (Table 1). The high CO2

concentrations typically result from respiration by
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organisms consuming labile carbon compounds (i.e. a
net heterotrophic system); in addition, some water
bodies receive CO2-enriched groundwater stream flows.
By contrast, in net autotrophic systems photosynthesis
depletes CO2 and produces O2. So, O2 concentrations
in floodwaters can range from severely hypoxic (net
heterotrophic) to well above air equilibrium (net
autotrophic).
Temperature during flooding events can also vary

widely (e.g. �6–37 8C; Hamilton et al. 1997; Valett
et al. 2005; Pedersen et al. 2011a), depending on loca-
tion and season. Respiration increases at warmer tem-
peratures, which can deplete O2, and O2 concentration
is further reduced owing to lower O2 solubility in water
as temperature increases. So, the imbalance between
O2 demand and supply to submerged terrestrial plants
can be further exacerbated as temperature increases.
Flow rates during floods have only been reported, to

our knowledge, in three papers: data are available for
two flash floods and one seasonal river flood, and
flows ranged from 0.002 to 0.3 m s21. Flow rates affect
the thickness of diffusive boundary layers (DBLs) and
thereby influence gas and nutrient exchanges with sub-
merged plants (Binzer et al. 2005; Pedersen et al. 2009).
So, underwater PN can increase with increasing flow vel-
ocity since the DBLs become thinner (Jones et al. 2000),
but the response would plateau (cf. O2 supply; Binzer
et al. 2005) or even decline again if flows cause excessive
shoot agitation (Madsen et al. 1993a).

Light regimes in floodwaters are dependent on several
factors. When floodwaters contain suspended particles
or dissolved coloured organic matter (e.g. tannins in
Amazonian floodwaters; Parolin 2009), light availability
will be reduced. Particle suspension can be highest
during early stages of floods and particles often then
settle; however, if particles settle on leaves these can
still limit light. Waters of high nutrient availability typic-
ally support growth of microalgae, with dense popula-
tions of both biofilms and phytoplankton leading to
lower light penetration to leaf surfaces (Sand-Jensen
and Sondergaard 1981; Sand-Jensen and Borum 1991;
Lassen et al. 1997) and consequently also shallower
depth limits for plant colonization (Sand-Jensen 1990).
Examples of light reductions are available for flood-
waters in the rice fields of India and Thailand; the
depth at which 50% light remained varied from 0.07 to
0.7 m (Setter et al. 1987; Ram et al. 1999).
How does the submerged environment experienced by

terrestrial wetland plants compare with that of water
bodies containing permanent aquatic vegetation? In
brief, environments supporting healthy stands of sub-
merged aquatic plants, such as the shallow sea, and
areas within rivers and lakes, also share many of the
above-mentioned constraints to plant growth. Light
attenuation in the water column (caused by water itself,
dissolved coloured organic matter, phytoplankton and
other particles) determines themaximumdepth of colon-
ization by aquatic plants. Seagrasses typically grow down
to �10% of the surface light (Duarte 1991), whereas the
depth penetration of plants in freshwater lakes is down
to ,1% and typically �5% of the surface light (Canfield
et al. 1985). The lower light compensation points for the
growth of deep–colonizing freshwater plants result from
these having higher shoot-to-root ratios than seagrasses.
Thedeepest-growing freshwaterplants, suchas species of
Ceratophyllum and Utricularia, do not produce roots at all
(Cook 1990). Similar to terrestrial floodwaters, dissolved
inorganic carbon (DIC) in freshwater can also vary widely
(e.g. from 0.02 to 5.6 mM in British lakes; Maberly and
Spence1983). DependingonpH, theaboveDIC concentra-
tionsmay result in dissolved CO2 levels fromnear or below
air equilibrium (15 mM in freshwater at 208 C) to waters in
streams/rivers, ponds and lakes that are typically supersa-
turated (Table 1); ponds can even contain up to 2000 mM
CO2 (133-fold air equilibrium). The temperature in most
water bodies fluctuates significantly less than surround-
ing air due to the much higher specific heat capacity of
water compared with air (Hutchinson 1957), but there
are exceptions, such as in shallow rock pools with large
diel fluctuations (Pedersen et al. 2011a). Finally, the flow
velocity in aquatic environments also varies widely, as
described earlier for terrestrial floods, from almost

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Dissolved CO2 and O2 concentrations in various types
of floodwaters. Medians with ranges in parentheses.

Environment CO2 (mM) O2 (mM)

Terrestrial

Flash flood (1,2) (n ¼ 4) 1040 (3–1953) 150 (‘0’–280)

Seasonal flood (326)

(n ¼ 6)

365 (47–1600) 79 (‘0’–240)

Tidal flood (7,8) (n ¼ 4) 16 (3–49) 292 (188–522)

Aquatic

Streams and rivers (9,10)

(n ¼ 31)

133 (11–836) n.a.

Ponds (, 1 ha) (11)

(n ¼ 7)

59 (,1–374) n.a.

Lakes (11) (n ¼ 17) 45 (11–210) n.a.

1,2(Ram et al. 1999; Setter et al. 1987); 326(Hamilton et al. 1997;
Hamilton et al. 1995; Richey et al. 2002; Valett et al. 2005);
7,8(Pérez-Lloréns et al. 2004; Winkel et al. 2011); 9(Sand-Jensen and
Frost-Christensen 1998); 10(Jonsson et al. 2003) 11(Staehr et al. 2011).
n.a., not available.
O2 was not measured in the water surveys conducted in 9, 10 and 11.
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stagnant conditions in ponds and deeper areas of lakes to
very high velocities in rivers and in surf zones of the sea
(2–3 m s21; Vogel 1994). In fast-flowingwater or inwave-
zones, the strap-shaped leaves typical of some aquatic
plants are highly adaptive as this morphology reduces
the pressure drag (Vogel 1994).
In summary, floodwaters faced by terrestrial plants

invoke some common constraints of restricted gas
exchange and lower light availability, but conditions
(O2, CO2, light and temperature) differ between locations
and times, posing variable challenges to plant function-
ing during submergence. Floodwater chemical and
physical properties, in addition to the well-recognized
importance of seasonal timing, duration, depth and fre-
quency of floods (e.g. Vervuren et al. 2003), will influence
plant growth and survival during submergence.

Net photosynthesis under water
Low CO2 and/or low light can restrict PN by submerged
plants (Sand-Jensen 1989). This review focuses on CO2

acquisition. Aquatic species possess leaf traits to
enhance DIC supply and thus rates of underwater PN.
In Table 2, we compare the leaf traits of terrestrial
wetland plants with those of submerged aquatic
plants. Below we (i) summarize knowledge of morpho-
logical and anatomical leaf traits, and photosynthetic
pathways including carbon-concentrating mechanisms
(CCMs), and (ii) compare the rates of underwater PN by
different types of aquatic and terrestrial wetland
plants, as influenced by these leaf traits.

Leaf traits of terrestrial wetland plants
and submerged aquatic plants

Leaf morphology determines boundary layer resistances
to exchange of dissolved gases and ions (Madsen and
Sand-Jensen 1991). Boundary layer resistance can limit
the rates of CO2 uptake and thus reduce underwater
PN in submerged plants as diffusion is 104-fold slower
in water than in air (Vogel 1994). Morphological traits
(Table 2) that reduce the DBL resistance, by decreasing
the distance to the ‘leading edge’ (Vogel 1994),
include leaf shapes of small, dissected/lobed and/or
strap-like leaves. In addition, aquatic leaves lack
trichomes, thus avoiding the development of thicker
boundary layers adjacent to their surfaces. Leaves of
aquatic species also tend to be thin (Table 2), although
there are several exceptions (e.g. isoetids; Sand-Jensen
and Prahl 1982). Thin leaves have short internal diffusion
path lengths, reducing the overall resistance for CO2 to
reach chloroplasts (Madsen and Sand-Jensen 1991;
Maberly and Madsen 2002). One example is the lamina
of Najas flexilis, which is only two cell layers (Tomlinson

1982). In cases where leaves are relatively thick, CO2 is
typically sourced from sediments (e.g. isoetids; Winkel
and Borum 2009), and these leaves tend to be of
high porosity to facilitate internal gas phase diffusion
(Pedersen and Sand-Jensen 1992; Pedersen et al. 1995;
Sand-Jensen et al. 2005).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Comparison of leaf traits influencing gas exchange
and photosynthesis by terrestrial wetland plants when under
water and by submerged aquatic plants. Modified from
Sculthorpe (1967) with data from additional references as
indicated by superscripts: 1(Neinhuis and Barthlott 1997),
2(Colmer and Pedersen 2008), 3(Maberly and Madsen 2002).

Leaf traits Terrestrial

wetland plants

Submerged

aquatic plants

Morphology

Leaf size Medium–large Small–medium

Dissected/lobed Rare Common

Strap-shaped Rare Common

Leaf thicknessa Moderate–thick Thin

Surface

hydrophobicity/leaf

gas films1,2

Common Absent

Hairs/trichomes Rare Absent

Anatomy

Stomata Always present Absent/

non-functional

Cuticle Always present Absent/highly

reduced

Chloroplasts in

epidermal cells

Only in guard

cells

Common

Aerenchyma Variable Variable

Porosity of lamina High in thick,

low in thin,

lamina

High in thick, low in

thin, lamina

Supporting fibres Always present Rare

Photosynthetic pathway/CCM3

C3 Common Common

C4 Rare Rare (but

uncertain)

CAM Absent Rare

HCO3
2 use Absent Common

aFor data on SLA see Fig. 2. Other leaf features/properties can also differ
between terrestrial wetland plants and submerged aquatic plants, such
as: venation, lignification, stiffness, surface topography, differences
between adaxial and abaxial surfaces, and in the case of some
halophytic wetland species, presence of salt bladders and glands.
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In addition to these morphological traits, leaves of
aquatic species also have anatomical traits that further
reduce diffusive resistances for CO2 to reach chloroplasts
(Table 2). Aquatic leaves lack, or have very reduced, cuti-
cles. Diffusion across the cuticle is the main pathway of
dissolved gas exchange as the leaves lack stomata, or if
present, the stomata are non-functional (Pedersen and
Sand-Jensen 1992). The diffusion path length to chloro-
plasts is also minimized by having these organelles in all
epidermal cells, and in sub-epidermal cells the chloro-
plasts are positioned towards the exterior (Table 2).
Submerged aquatic plants also display physiological

adaptations to increase the CO2 concentration at Rubisco,
the site of carboxylation (Table 2)—these are referred to
as CCMs (Maberly and Madsen 2002; Raven et al. 2008).
In submerged aquatic plants, CCMs include HCO3

2 use
(Prins and Elzenga 1989), C4 (Magnin et al. 1997), C3–C4
intermediates (Keeley 1999) and Crassulacean Acid
Metabolism (CAM) photosynthesis (Keeley 1998).
Carbon-concentrating mechanisms increase PN in CO2-
limited submerged environments, and have also been sug-
gested to diminish photorespiration (Maberly and Madsen
2002). Photorespiration results from theoxygenase activity
of Rubisco and is promoted by a low CO2:O2 ratio (Ogren
1984), a condition common in leaves when under water
(Bowes 1987). The low CO2 availability in aquatic environ-
ments would in itself lower the CO2:O2 ratio. Moreover, O2

in submerged leaves can be high as escape is slower than
production in PN; O2 escape is not only hampered by DBLs
but also by the relatively low O2 solublity in water; CO2 is
28.5-fold more soluble than O2 at 208 C (Baranenko et al.
1990). Reduced photorespiration in a submerged aquatic
CAM plant has been recently demonstrated (Pedersen
et al. 2011b), supporting the view that CCMs do reduce
photorespiration in aquatic species.
By contrast with aquatic species, leaves of terrestrial

wetland plants lack most of the features described
above (Table 2) and so suffer from large diffusion limita-
tions to CO2 supply for PN when under water, unless they
possess leaf gas films (Raskin and Kende 1983; Colmer
and Pedersen 2008; Pedersen et al. 2009) or produce
submergence-acclimated leaves (Mommer and Visser
2005). Below, we evaluate underwater PN by leaves
of terrestrial wetland plants and then consider the
occurrence and functioning of leaf gas films.

Net photosynthesis of aquatic and submerged
terrestrial wetland plants; leaf traits enhance CO2

supply

The most comprehensive comparison of underwater PN
by aquatic and terrestrial wetland plants is the study
by Sand-Jensen et al. (1992). Thirty-five species of four
life forms (terrestrial, amphibious homophyllous,

amphibious heterophyllous and aquatic species) were
compared (listed in Appendix 1). Inclusion of data from
other studies in the present analysis was constrained
by differences in techniques and conditions used for
underwater PN measurements, e.g. CO2, temperature
and light (Appendix 2).
Classifications of wetland plants into functional

groups are convenient, but are also imperfect as the
boundaries are not sharp (see Introduction). As exam-
ples, some terrestrial wetland species produce new
leaves when submerged and these can display some
acclimation to the underwater environment (Mommer
et al. 2007). Similarly, homophyllous amphibious plants
can also display some acclimation, e.g. thinner cuticles
and modestly thinner leaves when formed under water
(Nielsen 1993), but these changes are far more subtle
than those displayed by heterophyllous amphibious
plants. Not surprisingly, different authors have classified
some species into different life forms. Here, our focus
is on the comparison of underwater PN of leaves
formed (i) in air by terrestrial wetland species,
(ii) under water by amphibious homophyllous species,
(iii) under water by amphibious heterophyllous species
and (iv) under water by aquatic species.
An additional noteworthy feature of the study by

Sand-Jensen et al. (1992) was documentation of dis-
solved CO2 levels in lowland stream habitats. Under-
water PN was measured at ambient and at elevated
CO2 concentrations, to provide rates of relevance to
the field situation as well as CO2-saturated PN for
aquatic leaf types. The level of elevated CO2 used
(�800 mM, being �50-fold air equilibrium) would have
saturated PN by the aquatic leaf types. It is uncertain
whether rates were CO2 saturated for some of the
terrestrial leaf types, which can require as much as
75-fold of air equilibrium CO2 when submerged (Colmer
and Pedersen 2008).
We compare the rates on the dry mass basis (Fig. 1A

and B) used by Sand-Jensen et al. (1992) and also on a
projected leaf surface area basis (Fig. 1C and D); con-
versions used specific leaf area (SLA) data in the litera-
ture (Fig. 2; Appendix 1). Data for SLA were not
available for three of the aquatic and three of the ter-
restrial wetland species in Sand-Jensen et al. (1992), so
these six were omitted from the present analysis
(Appendix 1).
The overall beneficial effects of aquatic leaf traits

(Table 2) for underwater PN, as well as the generally
poor performance of leaves of terrestrial plants, were
clearly demonstrated in Sand-Jensen et al. (1992).
These authors highlighted that (i) underwater PN on a
mass basis increased from terrestrial, then amphibious,
to truly aquatic leaf types and (ii) Danish lowland
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stream waters are commonly supersaturated with CO2,
allowing even some terrestrial species to have adequate
PN for growth when submerged in these habitats.
The higher PN by aquatic leaf types per unit mass

with near-ambient CO2 concentrations (�90–400 mM)
demonstrates the higher C-return per unit of dry mass
investment by these leaf types in an underwater envir-
onment as compared with terrestrial types (Fig. 1A).
When external CO2 was supplied at an elevated level
of �800 mM (Fig. 1B), underwater PN values by the
aquatic and heterophyllous amphibious leaves still
exceeded those of the terrestrial and homophyllous

leaf types. The low rates by terrestrial leaves even
with elevated CO2 further demonstrate the large
diffusion limitations for CO2 entry that restrict under-
water PN.

Expression of underwater PN rates on a surface area
basis, the units typically used in terrestrial plant physi-
ology (whereas in aquatic sciences, rates are typically
expressed per unit dry mass), interestingly, removes dif-
ferences between the terrestrial and aquatic leaf types,
at both ambient and elevated CO2 (Fig. 1C and D). The
order of magnitude of higher SLA (Fig. 2) of aquatic
and many amphibious leaf types clearly sets an upper

Fig. 1 Underwater net photosynthesis (PN) in terrestrial wetland plants, in amphibious homophyllous or heterophyllous wetland
plants and in submerged aquatic plants. Net photosynthesis was measured at 158 C and is expressed per leaf dry mass (A and B) or
per projected leaf area (C and D) at ambient CO2 levels (90–400 mM in the natural habitats; A and C) or at elevated CO2 levels
(800 mM; B and D). Species and SLA data sources are listed in Appendix 1. Our analysis focused on the study by Sand-Jensen et al.
(1992) as it is the most comprehensive available; addition of other data was constrained by differences in techniques and conditions
used (e.g. CO2 and temperature; Appendix 2). Terrestrial, leaves formed in air by emergent wetland plants; homophyllous, leaves
formed under water by amphibious wetland plants; heterophyllous, leaves formed under water by amphibious wetland plants;
aquatic, leaves formed under water by submerged aquatic plants (cf. Sculthorpe 1967). Rates on a mass basis (A and B) were converted
to an area basis (C and D) using the published SLA data (Fig. 2, Appendix 1). The box–whisker plot shows the median, 10 and 90 per-
centiles, minimum and maximum values, and means are shown as ‘+’; the dot in the terrestrial column indicates an outlier. Differences
amongst means of the four plant groups within each panel were tested by one-way analysis of variance and Tukey’s multiple comparison
tests. ** P, 0.01 and *** P, 0.001. Means with the same letter within each panel do not differ significantly at the 95% confidence
interval.
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limit for PN on an area basis. Maximum PN, however,
would rarely be achieved in most aquatic environments
owing to light and CO2 limitations (Sand-Jensen 1989;
Kirk 1994) so that the lower CO2-saturated rates of PN
on an area basis for aquatic leaves would be of little
consequence for their life under water.
Comparisons of the rates of underwater PN by terres-

trial wetland plant leaf types with those achieved by
aquatic leaf types are informative with respect to per-
formance when submerged (Fig. 1), but here we also con-
sider how these rates under water compare against those
in air. For the terrestrial wetland species in Fig. 1, we could
only find data on PN in air for three (Carex elata, Ranuncu-
lus repens and Phragmites australis; Appendix 1); PN in air
at ambient CO2 was 12.5–17 mmol m22 s21. When sub-
merged with CO2 at levels near ambient (but well above
air equilibrium in these habitats), the mean PN under
water was only 9% of that in air (cf. Fig. 1C). Thus, under-
water PN is greatly reduced when terrestrial wetland
species become submerged.
The analyses presented above for underwater PN by

leaves of terrestrial wetland plants involved experiments
in which leaves growing in air were tested under water.
Several terrestrial wetland species produce new leaves
when submerged, and these can display some acclima-
tion to the underwater environment (e.g. thinner cuticles

and thinner leaves; Mommer et al. 2007). Acclimated
leaves have decreased resistances against CO2 and O2

movement across the cuticle and epidermis (Mommer
and Visser 2005; Mommer et al. 2007). The best
example is the several-fold reduction in cuticle resist-
ance and thus the 69-fold higher underwater PN at an
external CO2 concentration of 250 mM by Rumex palustris
(Mommer et al. 2006). Although a study of seven terres-
trial wetland species established the formation of a
thinner cuticle as a common response when submerged,
and demonstrated enhanced underwater gas exchange,
the degree of this response was not correlated with sub-
mergence tolerance among these species (Mommer
et al. 2007). These anatomical, and in some cases mor-
phological (e.g. R. palustris leaves are also more elon-
gated), changes in submerged leaves of terrestrial
species are much more subtle than the altered leaf de-
velopment displayed by amphibious heterophyllous
species which produce true aquatic leaf types when
under water (Nielsen 1993).
In summary, PN by terrestrial wetland plants is

reduced markedly when they are submerged. Leaves of
terrestrial wetland plants generally lack the numerous
beneficial leaf traits for underwater PN possessed by
aquatic plants, although new leaves can display some
acclimation (e.g. thinner cuticles and higher SLA). In
addition, as discussed in the next section, some leaves
of terrestrial wetland species retain a gas film when sub-
merged, a trait that also enhances underwater PN.

Leaf gas films enhance the net photosynthesis
of submerged terrestrial wetland plants

Many terrestrial wetland plants have water-repellent (i.e.
hydrophobic) leaf surfaces, resulting in self-cleaning by
water droplets as these run off leaves (Neinhuis and
Barthlott 1997). Leaf water repellence has been
assessed by measurement of water droplet contact
angles with the surface (Adam 1963; Brewer and Smith
1997; Neinhuis and Barthlott 1997)—angles of 1408 or
more indicate a hydrophobic surface whereas angles of
1108 or less indicate a wettable surface. Water repel-
lence (i.e. surface hydrophobicity) is determined by the
micro- and nano-structures of the surface, as well as
wax crystals (Wagner et al. 2003; Bhushan and Jung
2006).
Superhydrophobic leaves retain a microlayer of gas

when submerged, referred to as ‘gas envelopes’ (Setter
et al. 1989) and/or ‘leaf gas films’ (Colmer and Pedersen
2008). We prefer the term ‘gas film’ because although
leaves of some species retain a gas layer on both sides
(i.e. enveloped in gas), others retain a gas layer on only
one side due to differences in hydrophobicity between
adaxial and abaxial surfaces (Colmer and Pedersen

Fig. 2 Specific leaf area in terrestrial wetland plants, in am-
phibious homophyllous or heterophyllous wetland plants,
and in submerged aquatic plants. The box-whisker plot
shows the median, 10 and 90 percentiles, minimum and
maximum values, and means are shown as ‘+’. Species and
data sources are listed in Appendix 1. Differences amongst
means of SLA of the four plant groups were tested by
one-way analysis of variance and Tukey’s multiple comparison
tests. ** P, 0.01. Means with the same letter do not differ sig-
nificantly at the 95% confidence interval.
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2008; Winkel et al. 2011). Gas films on leaves have been
observed in field situations for several terrestrial
wetland species when submerged in lakes, ponds, river
edges and rice fields on floodplains: rice (Setter et al.
1987); P. australis, cover of New Phytologist, Volume
177(4); Spartina anglica (Winkel et al. 2011); and own
observations (A. Winkel, T. D. Colmer and O. Pedersen). In-
formation on the persistence of gas films on leaves with
time following submergence is scant; gas films remained
for at least 2 weeks (i.e. evaluation was terminated at 2
weeks) on leaves of Phalaris arundinacea, P. australis
and Typha latifolia (all with gas films on both sides) and
Glyceria maxima (gas film on only the adaxial side) in a
controlled environment (Colmer and Pedersen 2008),
but for some other species gas films diminish within a
few days (own unpublished data; A. Winkel, T. D. Colmer
and O. Pedersen).
Gas films on submerged leaves enhance CO2 fixation,

as first demonstrated for rice (9- to 10-fold increase;
Raskin and Kende 1983). The beneficial effect of leaf
gas films to underwater PN has also been shown for
other terrestrial wetland species; at 50 mM dissolved
CO2, gas films increased underwater PN by 1.5- to
6-fold in leaves of four wetland species (Colmer and Ped-
ersen 2008). Data demonstrating the beneficial effect of
leaf gas films on underwater PN are shown for several
species in Fig. 3. Apparent resistance to CO2 entry, at
environmentally relevant CO2 concentrations in the sub-
mergence water, was �5-fold less in leaves with gas
films compared with those with gas films removed
(rice and P. australis; Pedersen et al. 2009).

Leaf gas films provide an enlarged gas–water inter-
face to promote gas exchange with the surrounding
floodwater (CO2 uptake during light periods; O2 uptake
during dark periods) (Colmer and Pedersen 2008;
Pedersen et al. 2009). In addition to the enlarged
gas–water interface, leaf gas films might also enable
stomata to remain open when leaves are submerged.
By contrast, for leaves without gas films, stomata are
hypothesized to close upon submergence (Mommer
and Visser 2005), so that CO2 and O2 must then trans-
verse the cuticle (Mommer et al. 2004). The beneficial
effect of leaf gas films on underwater PN was not only
demonstrated by the marked decreases when these
were removed (Fig. 3), but also leaves with this feature
had higher rates of underwater PN than leaves from
species without leaf gas films (Fig. 3). Thus, leaf gas
films appear to enable rates of underwater PN by
terrestrial leaves similar to those achieved by
submergence-acclimated leaves of terrestrial wetland
plants (data and discussion in Colmer and Pedersen
2008). Terrestrial species possessing leaf gas films
would benefit from enhanced underwater PN during

short to medium periods of submergence, depending
on persistence of the films. By contrast, for species
lacking leaf gas films but that produce new acclimated
leaves under water, these new leaves take several days
to produce so that PN would likely be less during the
initial submergence period, but continued production
of acclimated leaves would benefit these species
during medium to prolonged submergence.
Detailed knowledge on leaf gas films is available only

for rice (one cultivar only; Pedersen et al. 2009).
Measurements using O2 microelectrode profiling deter-
mined that gas film thickness varied from ,10 to
140 mm; positional differences mainly resulted from
ridges on leaves (i.e. gas films thinner at the tops of
ridges, thicker between adjacent ridges). Using a ‘buoy-
ancy method’ to measure gas volumes on the surfaces,
and within, submerged leaves, showed that tissue poros-
ity was 19% (v/v) and the gas volume of the films was
3.8 times more than the gas within the rice leaf. Diffusive
boundary layer widths adjacent to submerged leaves
with gas films were surprisingly larger than those adja-
cent to submerged leaves without gas films, so the

Fig. 3 Underwater net photosynthesis in terrestrial wetland
plants with or without leaf gas films and when gas films
were removed. Measurements for six species were conducted
with 50 mM CO2 at 20 8C and photosynthetically active radi-
ation (PAR) of 600 mmol m22 s21; the exceptions were Oryza
sativa (30 8C; PAR 350 mmol m22 s21) and S. anglica (15 mM
CO2; PAR 550 mmol m22 s21). These reflect the higher tem-
peratures in tropical rice fields (O. sativa) and the lower CO2

in seawater that submerges Spartina marshes. Gas films
were removed from leaf surfaces by brushing with 0.05%
Triton X-100. Species lacking leaf gas films were also
brushed with Triton X-100 and showed no, or only a slight,
reduction in PN. Data from Colmer and Pedersen (2008),
Pedersen et al. (2009) and Winkel et al. (2011).
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enlarged water–gas interface provided by the gas films
would have been the major mechanism that reduced
resistance to gas exchange of the leaves when under
water. At dissolved CO2 concentrations of relevance to
field conditions (15–180 mM; e.g. in Thailand, Setter
et al. 1987; India, Ram et al. 1999), underwater PN was
enhanced 4- to 4.9-fold by gas films on leaves of rice
(Pedersen et al. 2009). Underwater PN by leaves with
gas films and CO2 at near-ambient concentrations was
22% of PN in air. When gas films were removed artificial-
ly from leaves of completely submerged rice, tissue
sugar levels and growth were both reduced. Thus, leaf
gas films contribute to submergence tolerance of rice
by enhancing CO2 entry for underwater PN.
The experiments by Pedersen et al. (2009) also

elucidated that when rice leaves are in flowing water
(15 mm s21; simulating low flows such as might occur
across rice fields), the gas film oscillates and the
transition zone between mass flow in the bulk medium
and diffusion in the boundary layer was wider, and
more variable, than for leaves without a gas film. Oscilla-
tions of leaf gas films in flowing water were also noted
by Barthlott et al. (2010), and they reported that specia-
lized surface hairs on the leaves of Salvinia molesta can
stabilize the gas film, even in fast-flowing water (such as
in streams). The leaf surface of S. molesta possesses
‘eggbeater-shaped hairs’ that are hydrophobic except
for the tips, a feature that enables gas film formation
and retention by ‘pinning’ the water–air interface
(Barthlott et al. 2010). The presence of this feature was
suggested to prevent the formation and detachment of
bubbles that otherwise could occur when in fast-flowing
waters (Barthlott et al. 2010). This is a very interesting
leaf surface feature, although the ecophysiological
significance could be debated as S. molesta is a floating
plant not typically found in fast-flowing waters; the large
gas volume trapped by these specialized structures on
the surface of the leaves would contribute significantly
to the buoyancy of this floating plant.
In addition to enhanced CO2 uptake for photosyn-

thesis, leaf gas films also improve O2 uptake during dark-
ness from floodwaters into leaves (Colmer and Pedersen
2008; Pedersen et al. 2009). Thus, leaf gas films enhance
leaf O2 status both during the daytime and during
nights, with benefits also of improved internal aeration
of the entire body of submerged plants. Oxygen
derived from PN during light periods, as well as O2

entry from the floodwater into leaves when in darkness,
moves internally via aerenchyma to roots of rice (Peder-
sen et al. 2009) and rhizomes and roots of S. anglica
(Winkel et al. 2011).

In conclusion, our recent studies of leaf gas films
(Colmer and Pedersen 2008; Pedersen et al. 2009; Winkel

et al. 2011) have supported the hypothesis by Setter
et al. (1989), who observed this feature on submerged
rice in field situations in Thailand, that gas films provide
‘an interfacebetween thegas andwater phases forcollec-
tion of CO2 and dispersal of O2 during the day or collection
of O2 during the night’. This mechanism is analogous to
the gas layer (plastron) on some aquatic insects that
provides an enlarged gas–water interface between the
tracheary system and surrounding water (Thorpe and
Crisp 1949; Raven 2008; Pedersen and Colmer 2012). For
terrestrialwetland species, the fewdata available indicate
that leaf gas films enable rates of underwater PN similar to
those achieved by submergence-acclimated leaves, in
both cases being higher than in terrestrial air-formed
leaves without these features (data and discussion in
Colmer and Pedersen 2008).

Conclusions and future perspectives
Submergence can have adverse effects on terrestrial
wetland plants because of restricted gas exchange and
low light. Floodwaters are variable in dissolved O2, CO2,
light and temperature. Few data are available on key
environmental parameters in various submergence
environments—yet these factors influence underwater
PN, plant growth and survival. Knowledge of floodwater
conditions will enhance one’s understanding of plant
performance during submergence and enable the
design of controlled experiments that better simulate
particular submergence environments.
Submergence tolerance of terrestrial wetland plants is

influenced by leaf traits. Although terrestrial wetland
plants generally lack the numerous beneficial leaf traits
possessed by aquatic plants, the few studies available
demonstrate that some terrestrial species produce new
leaves with a thinner cuticle under water and others
possess leaf gas films. The improved gas diffusion
between leaves and floodwaters enhances underwater
PN and so contributes significantly to sugar and O2

supply of submerged plants. However, studies of leaf gas
film functioning are in their infancy. Our priorities are
(i) quantification of the occurrence and persistence of
leaf gas films amongst a wide number of wetland
species, and determination of whether this trait is
related to species distributions in various flood-pronewet-
lands (cf. analysis of shoot elongation trait; Voeseneket al.
2004) and (ii) evaluation of whether rice, or its relatives,
possesses variation in leaf gas film formation and persist-
ence, and elucidation of the underlying genetic control of
this trait using the array of resources available in rice.
More broadly, there are surprisingly few studies on PN

by terrestrial wetland plants when emergent and when
submerged. Also lacking are measurements of PN with
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time after submergence and de-submergence. Future
studies should compare the performances of species
from various habitats, using a range of appropriate
bases of expression of PN rates (area, mass, chlorophyll
and leaf N) to facilitate interdisciplinary comparisons
by aquatic and terrestrial plant biologists.
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Appendix 1: List of wetland plant species grouped into four types: terrestrial,
amphibious homophyllous, amphibious heterophyllous and submerged aquatic
These species were used as data were available on underwater net photosynthesis (PN) and specific leaf area (SLA) (see
body of table for sources of data).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Sources of information

Underwater PN (used in Fig. 1) SLA (used in Figs 1 and 2) PN in air (used in text)

Terrestrial n ¼ 10

Equisetum palustre Sand-Jensen et al. (1992) Andersson and Lundegård (1999) Data not available

Phragmites australis Sand-Jensen et al. (1992) Colmer and Pedersen (2008) Hellings and Gallagher (1992)

Epilobium hirsutum Sand-Jensen et al. (1992) Nielsen (1993) Data not available

Carex elata Sand-Jensen et al. (1992) Meziane and Shipley (2001) Busch and Lösch (1998)

Poa pratensis Sand-Jensen et al. (1992) Meziane and Shipley (2001) Data not available

Chrysosplenium

alterniflorum

Sand-Jensen et al. (1992) Wang et al. 2009 Data not available

Ranunculus repens Sand-Jensen et al. (1992) Nielsen (1993) Lynn and Waldren (2002)

Solanum dulcamara Sand-Jensen et al. (1992) Flynn et al. (2006) Data not available

Barbarea stricta Sand-Jensen et al. (1992) Nielsen (1993) Data not available

Cardamine amara Sand-Jensen et al. (1992) Nielsen (1993) Data not available

Amphibious (homophyllous) n ¼ 7

Catabrosa aquatica Sand-Jensen et al. (1992) Nielsen (1993) Not considered

Glyceria maxima Sand-Jensen et al. (1992) Colmer and Pedersen (2008) Not considered

Myosotis laxa Sand-Jensen et al. (1992) Lenssen et al. (2003) Not considered

Veronica anagallis Sand-Jensen et al. (1992) Nielsen (1993) Not considered

Veronica beccabunga Sand-Jensen et al. (1992) Nielsen (1993) Not considered

Berula erecta Sand-Jensen et al. (1992) Nielsen (1993) Not considered

Myosotis palustris Sand-Jensen et al. (1992) Nielsen (1993) Not considered

Amphibious (heterophyllous) n ¼ 5

Callitriche

cophocarpa

Sand-Jensen et al. (1992) Nielsen (1993) Not considered

Callitriche stagnalis Sand-Jensen et al. (1992) Tom Vindbæk Madsen,

personal communication

Not considered

Sparganium

emersum

Sand-Jensen et al. (1992) Colmer and Pedersen (2008) Not considered

Sparganium erectum Sand-Jensen et al. (1992) Nielsen and Sand-Jensen (1989) Not considered

Sagittaria sagittifolia Sand-Jensen et al. (1992) Dina Ronzhina, personal communication Not considered

Aquatic n ¼ 7

Lemna trisulca Sand-Jensen et al. (1992) Dina Ronzhina, personal communication Not considered

Potamogeton

perfoliatus

Sand-Jensen et al. (1992) Spence et al. (1973) Not considered

Elodea canadensis Sand-Jensen et al. (1992) Madsen et al. (1996) Not considered

Potamogeton crispus Sand-Jensen et al. (1992) Nielsen and Sand-Jensen (1989) Not considered

Continued
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Appendix 2: List of several studies of underwater net photosynthesis (PN) in terrestrial
wetland plants or amphibious plants, in addition to Sand-Jensen et al. (1992) (see
Appendix 1)
Species, CO2 concentrations, temperatures and light (PAR) regimes used for measurements of underwater PN are listed.
For multi-species studies of underwater PN in submerged aquatic plants, see Sand-Jensen (1989), Reiskind et al. (1989)
and Madsen et al. (1993b).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Continued

Sources of information

Underwater PN (used in Fig. 1) SLA (used in Figs 1 and 2) PN in air (used in text)

Potamogeton

pectinatus

Sand-Jensen et al. (1992) Nielsen and Sand-Jensen (1989) Not considered

Batrachium peltatum Sand-Jensen et al. (1992) Nielsen (1993) Not considered

Batrachium aquatile Sand-Jensen et al. (1992) Nielsen and Sand-Jensen (1989) Not considered

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Source Species tested CO2 (mM) Temperature

(88888C)

PAR

(mmol m22 s21)

Notes

Nielsen (1993) Barbarea stricta, Batrachium aquatile, Berula

erecta, Callitriche cophocarpa, Cardamine

amara, Catabrosa aquatile, Epilobium

hirsutum, Glyceria maxima, Hydrocotyle

vulgaris, Littorella uniflora, Lobelia

dortmanna, Lotus uliginosus, Montia fontana,

Myosotis palustris, Polygonum amphibium,

Ranunculus repens, Sparganium emersum,

Sparganium erectum, Veronica

anagallis-aquatica, Veronica beccabunga

100 25 600 Also PN rates in air, although

some seem unusually high

Sand-Jensen and

Frost-Christensen

(1998)

Myosotis palustris, Sparganium emersum 20 and 280 12 and 24 400 Also effects of initial O2

concentration and

temperature on underwater PN

Sand-Jensen and

Frost-Christensen

(1999)

Berula erecta, Menta aquatica, Myosotis

palustris, Veronica anagallis-aquatica

100 and 700 15 350 Also initial slope at PN

rate-limited CO2

concentrations and Pmax

Vervuren et al. (1999) Arrhenatherum elatius, Phalaris arundinacea,

Rumex crispus

2,200 20 740 Also PN rates under water after 30

days of submergence

Nielsen and Nielsen

(2006)

Lobelia cardinalis, Nesaea crassicaulis 40 and 1500 20 1200 Also PN rates in air

Mommer et al. (2007) Rumex palustris 10–10 000 20 400 Also full CO2 response curve and

PN rate in air

Pedersen et al. (2006) Halosarcia pergranulata (syn. Tecticornia

pergranulata)

20–6800 20 1500 Also PN rate in air

Continued
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Continued

Source Species tested CO2 (mM) Temperature

(88888C)

PAR

(mmol m22 s21)

Notes

Colmer and Pedersen

(2008)

Acorus calamus, Glyceria maxima, Phalaris

arundinacea, Phragmites australis,

Sparganium emersum, Typha latifolia

50 and 500 20 600 Also full CO2 response curve for

Phragmites australis

Pedersen et al. (2009) Oryza sativa 15–2000 30 350 Also full CO2 response curve

under water and PN rate in air

Pedersen et al. (2010) Hordeum marinum 18–2000 20 350 Also full CO2 response curve

under water and PN rate in air
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“Why do we fall, sir? So that we can pick ourselves up.”
-Alfred Pennyworth

The End
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