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Introduction 

The search of plant genotypes that are tolerant to waterlogging is becoming increasingly 

important due to the recurrence of this condition in many agricultural and natural areas 

throughout the globe. In addition to the perspective of extreme climatic events, such as 

excessive rains due to global climatic change (IPCC, 2007), it is possible to preview that, in a 

near future, waterlogging will become a more common condition in agricultural areas. This 

prospect is particularly true for animal production areas in the tropics, because many tropical 

pastures are located in marginal areas, not always suitable for agricultural activities and many of 

those areas have low soil drainage capacity (Dias-Filho, 1998). 

According to Dias-Filho (2005), in cultivated and natural pastures, waterlogging may have a 

natural cause, such as during long rainy periods, or when soils have naturally poor drainage, or 

during seasonal events of groundwater elevation. Waterlogging in pastures may also be of an 

anthropogenic origin, due to pasture management practices that lead to soil compaction. For 

example, because of the excessive cattle trampling in areas with no vegetation cover, or the 

constant movement of vehicles or farm machinery, or because of the frequent tillage that 

causes the appearance of compacted sub superficial soil layers. So, even on pastures areas 

where waterlogging might not naturally be expected, it is possible that current of past 

management practices may contribute to make this stress even more frequent. 

During the past few years, the death syndrome of Brachiaria brizantha cv. Marandu, a problem 

that is closely related to waterlogging in pastures (Dias-Filho, 2006), is rapidly becoming a major 

cause of pasture degradation in the north of Brazil (Dias-Filho, 2011). This particular situation 

has increased even more the need for the search for forage grasses genotypes with some 

degree of tolerance to waterlogging. 
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Here, we will summarize the major responses of plants to excess soil water, as well as the 

morphoanatomical and physiological characteristics of plants, in general, and of forage grasses, 

in particular, associated with tolerance to waterlogging. Based on this information, some 

strategies for screening forage plants for tolerance to waterlogging will be discussed. 

 

Plant responses to excess soil water 

The deficit in the oxygen availability (hypoxia and anoxia) is the main stress factor in 

waterlogged soils. In plants, the impact of excess soil water is felt directly by roots and indirectly 

by the shoots. In shoots, the excess soil water can induce chlorosis, premature wilting, 

decreased photosynthetic capacity, decreased water potential and nutrient concentration in 

leaves and decreased growth (Visser et al. 2003). Because they are essentially aerobic organs 

(Visser et al., 1996), roots are particularly sensitive to oxygen deficiency (reviewed by 

Armstrong et al., 1994), being directly affected by this stress. Because of the hypoxic 

environment generated in the rhizosphere, in intolerant plants, waterlogging reduces water 

absorption and stomatal conductance, leading to wilting, a response similar to that observed 

during water deficit (Jackson & Drew, 1984). Moreover, the excess water in the root zone 

inhibits aerobic respiration with simultaneous loss of mitochondrial ATP synthesis, reducing the 

energy levels of the plant and hence the capacity to absorb and transport water and nutrients to 

the shoot (Liau and Lin, 2001). 

The responses of plants to excess soil water are determined by time, duration and intensity 

(depending on water depth) of the stress and the plant genotype (Caetano & Dias-Filho, 2008, 

Dias-Filho, 2002; de Oliveira & Joly, 2010, Grimoldi et al. 1999; Mahelka et al. 2006; Manzur et 

al. 2009; Mollard et al. 2008). Moreover, the stage of plant development at the time of imposition 

of stress also determines the pattern of response to excess water in the soil (reviewed by 

Bailey-Serres & Voesenek, 2008; Colmer & Voesenek, 2009). 

Under relatively longer periods of flooding or waterlogging, one of the most common 

morphological and anatomical responses of plants to hypoxia and anoxia is the formation of 

aerenchyma and adventitious roots, which capture and transport oxygen to submerged tissues 

(Armstrong et al. 1994). Aerenchyma formation in plants facilitates the gas exchange between 

the shoot and root system (and vice versa), improving the diffusion of gases through the plant, 

mainly oxygen and ethylene (Suralta & Yamauchi, 2008, Yin et al. 2010). The oxygen provided 
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to the roots can be supplied directly from photosynthesis or from the atmosphere (Evans, 2003). 

The formation of adventitious roots as an adaptive response to excess soil water is directly 

related to the accumulation of ethylene in plants (Yin et al. 2009). In situations of excess water 

in the root zone, or when the plant is submerged, the diffusion of the volatile hormone ethylene 

is impaired. Under this condition, there is an increase in the concentration of endogenous 

ethylene in the roots in waterlogged soils, or in the roots and shoots, when the plant is 

completely submerged (Yin et al. 2009), triggering, the various plant responses to this stress. 

Under flooding or waterlogging conditions, intolerant or low tolerant plants suffer a sharp decline 

in the photosynthetic capacity (Dias-Filho & Carvalho, 2000). The reduction in stomatal opening 

is a major cause of the initial decline in photosynthetic capacity of waterlogged or flooded plants 

(reviewed by Liao and Lin, 2000). This is because, in many plants under excess soil water, one 

of the first observed ecophysiological responses is stomatal closure (eg, Chem et al., 2002). 

The stomatal closure during episodes of flooding or waterlogging is a regulatory behavior of the 

water balance, and a critical response to prevent leaf dehydration in species susceptible to 

excessive soil water (Mollard et al. 2008). In flooded plants, stomatal closure increases the 

likelihood of plant survival, as well as reducing the demand for water and nutrients; also, it 

restricts the absorption of potentially toxic ions (Jackson, 1994). 

Under excess soil water, several plant species show an increase in the concentration of starch 

in leaves (reviewed by Irfam et al. 2010). The explanation for this phenomenon is that 

photosynthesis in leaves would be processed at higher rates than respiration. Also, as in the 

submerged roots the demand for carbohydrates for respiration would be suspended, the 

transport of carbohydrates from leaves to roots would be minimal or nonexistent. This would 

reduce carbon accumulation in the leaves and the progressive exhaustion of carbohydrates in 

the roots (reviewed by Liao and Lin, 2001). The accumulation of starch in leaves has been 

suggested as an additional factor responsible for the decline in photosynthetic rate in plants 

under excess soil water, due to the phenomenon of downregulation (Araya et al. 2006). 

Plant tolerance to flooding and waterlogging 

Just like animals, plants are obligate aerobic beings, however, because of their relative 

immobility; they had to develop adaptive responses to deal with episodes of excess soil water 

(Mollard et al. 2008). The efficiency of these adaptive strategies will determine the plant's 

tolerance to periods of hypoxia and anoxia (Yin et al. 2009). Plant tolerance to flooding or 

waterlogging depends on the development of biochemical, physiological, anatomical and 



DIAS-FILHO, M.B.; LOPES, M.J.S. Screening for tolerance to waterlogging in forage plants. In: III SIMF - Intenational Symposium 
on Forage Breeding, 3., 2011, Bonito, MS [Proceedings...]. Brasília, DF: Embrapa, 2011. 1 CD-ROM. 

 

morphological responses for survival in conditions of hypoxia or anoxia (Armstrong et al. 1994, 

Bailey-Serres & Voesenk, 2008, Colmer & Flowers, 2008; Colmer & Voesenek, 2009, Sairam et 

al. 2008). Ensure the internal transport of oxygen between the plant part not submerged to the 

submerged (usually from shoot to the roots) is a major mechanism for the maintenance of basic 

physiological processes within the plant, aiming for tolerance to periods of excess water in soil 

(Armstrong et al. 1994). Therefore, the degree of tolerance of a given plant genotype to flooding 

or waterlogging is directly related to its ability to develop biochemical, physiological, 

morphological and anatomical response mechanisms that ensure efficient maintenance of 

growth, or at least the maintenance of vital functions to survival under conditions of anoxia or 

hypoxia (Sairam et al. 2008; Mollard et al. 2008; Yin et al. 2009; Colmer & Voesenek, 2009). 

In genotypes that are intolerant to excess soil water, the lack of oxygen affects the plant 

metabolism, triggering a series of processes that lead to severe physiological damage (Jackson 

& Drew, 1984). In tolerant species, resistance to hypoxia or anoxia is acquired via various 

adaptive strategies. The survival strategies of plants under anoxic stress are influenced by the 

duration and severity of stress (reviewed by Colmer & Voesenek, 2009). Among the strategies 

for tolerance to flooding and waterlogging, the formation of aerenchyma (Evans, 2003; Insausti 

et al. 2001; Mollard et al. 2008; Yin et al. 2010) and the development of a vigorous adventitious 

root system (Jackson & Drew, 1984) are of a major importance. The main objective of these 

strategies is to improve the capture and transport of oxygen to submerged tissues, aiding in the 

oxidation of the rhizosphere. Contributing also to restore and maintain aerobic respiration, or at 

least keep the alcoholic fermentation at the expense of lactic fermentation, as a source of 

energy, also removing toxic products that accumulate in the rhizosphere (Evans, 2003, Visser et 

al . 2000; Yin et al. 2010). With similar objectives, an effective tolerance strategy, useful in 

environments in which plants would be subject to prolonged periods of submersion, is the ability 

to quickly extend the shoot in order to restore contact of leaves with the atmosphere (Voesenek 

& Bailey-Serres , 2008; Banach et al. 2009; Sakagami et al. 2009). 

Although the formation of adventitious roots is viewed as an indicator of the presence of 

adaptive mechanism in plants tolerant to excess soil water (Jackson & Drew, 1984), this 

mechanism per se may not necessarily guarantee full tolerance of the plant to this stress. In B. 

brizantha cv. Marandu, for example, a grass genotype with little tolerance to excess soil water 

(Dias-Filho & Carvalho, 2000), plants under this condition are able to develop adventitious roots 

in abundance (Dias-Filho, 2002), indicating that other adaptive strategies to this stress would 

also be necessary to increase plant tolerance. 
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In Hymenachne amplexicaulis, a C3 grass known to be tolerant to excess soil water (Dias-Filho, 

2005; Gordon & Feo, 2007), the mechanisms of flooding tolerance are based on the ability of 

this species to rapidly elongate culms and form adventitious roots (Kibble & Bahnisch, 1999). In 

addition, aerenchyma are present in the tissues of culms, leaves and roots of this species, both 

on flooded and in unflooded plants (Kibble & Bahnisch, 1999). Besides aiding in the movement 

of gases, in H. amplexicaulis the aerenchyma also assists in plant flotation. 

In P. dilatatum, a number of morphoanatomical and physiological responses to excess soil 

water, such as increased root porosity, aerenchyma formation in leaves and higher rate of leaf 

extension and elongation of tillers, allow increased occurrence of this species over long periods 

of flooding in the Argentinean Pampa (Insausti et al. 2001; Vasellati et al. 2001). In Paspalum 

modestum and P. wrightii, typical species of wetland environments, the production of 

aerenchyma occurs in the cortical parenchyma of roots, rhizomes and stems, and in the 

mesophyll of the leaf blades, both in flooded and non-flooded plants (Fabbri et al. 2006). 

According to Fabbri et al. (2006), the soil flooding stimulates the formation of additional 

aerenchyma of both species; however, with contrasting responses to the different organs, this 

behavior has been interpreted by the authors as adaptations to situations of permanent or 

seasonal flooding. 

Because most of the ATP to maintain cellular metabolism in plants is generated during 

respiration, by oxidative phosphorylation, a process that requires O2 as the final electron 

receptor, an important stress to the plant under anoxia is the collapse in energy generation. This 

condition affects important metabolic processes in the plant. Thus, anoxia tolerance is closely 

related to the plant ability to manage this "energy crisis" (Colmer & Voesenek, 2009). Although 

anoxic catabolism under stress can produce some anaerobic ATP to meet the energy demand 

of the plant (Igamberdiev & Hill, 2009), yet there may be an energy deficit. Therefore, to 

effectively tolerate situations of flooding or waterlogging, the plant should be able to effectively 

regulate the distribution of the little energy available for use in essential metabolic processes 

(Gibbs and Greenway 2003, Greenway and Gibbs 2003). Thus, a particular species or genotype 

with the highest carbohydrate concentration of in the roots and higher levels of ATP will be 

better able to cope with the lack of oxygen. For genotypes of Vigna radiata, Kumutha et al. 

(2008) report that flooding tolerance depends on the availability of sugar reserves in the roots, 

the activity of sucrose synthase to provide sugars for the reduced glycolytic activity and ADH for 

recycling NADH for glycolysis maintenance (the principal source of energy in anoxia). 



DIAS-FILHO, M.B.; LOPES, M.J.S. Screening for tolerance to waterlogging in forage plants. In: III SIMF - Intenational Symposium 
on Forage Breeding, 3., 2011, Bonito, MS [Proceedings...]. Brasília, DF: Embrapa, 2011. 1 CD-ROM. 

 

The accumulation of secondary metabolites in the soil in response to hypoxia or anoxia is an 

important event related to flooding or waterlogging (Banach et al. 2009). These toxic 

metabolites when absorbed by the plant, can, among other adverse effects, delay plant growth, 

reduce leaf size and cause wilting and necrosis of shoots (Becker and Asch, 2005). Therefore, 

the ability of waterlogged or flooded plants to control the transport of ions across cell 

membranes would be of great importance in determining the tolerance of these plants to soil 

flooding or waterlogging (Pang & Shabala, 2010). 

Another important mechanism of plant tolerance to excess soil water is the presence of an 

efficient oxidative defense (reviewed by Colmer & Voesenek, 2009). This mechanism would be 

particularly useful in situations of short-duration recurrent flooding or waterlogging. Such cyclical 

situations of excess soil water may be relatively common during the rainy season in pastures 

grown on soils with poor drainage (Dias-Filho, 2005). The "reoxygenation damage" can occur in 

tissues (roots, for example) under hypoxia, or those under anoxia, re-exposed to O2 after soil 

drainage (Blokhina et al. 2003). In these situations, oxidative stress resulting from increased 

generation of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) in plant cells, 

and the reduced plant ability to detoxify ROS (Blockhina et al. 2003). 

 

Evaluation of the tolerance of tropical grasses to excess soil water 

Scientific studies comparing the tolerance of tropical forage grasses to excess soil water are 

relatively scarce. In a pioneer study, Baruch (1994a, b) compared the morphophysiological 

responses to flooding of four grass species: two of known tolerance (Brachiaria mutica and 

Echinochloa polystachya) and two intolerant (Hyparrhenia rufa and Andropogon gayanus). 

Under flooding, A. gayanus and H. rufa rapidly close their stomata, reducing stomatal 

conductance and net photosynthesis. The activity of alcohol dehydrogenase (ADH) in A. 

gayanus increases under flooding, indicating its greater sensitivity to this stress. However, in 

Brachiaria mutica and E. polystachya, stomatal conductance, net photosynthesis and ADH 

activity did not differ between flooded and unflooded plants. The authors concluded that both B. 

mutica and E. polystachya hove adaptive structures to flooding, such as the development of 

adventitious roots and aerenchyma tissues that allow the exchange of gases between the shoot 

and root, contributing to greater tolerance of these species to soil flooding. 
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In one of the first studies published in Brazil, comparing the tolerance to flooding of Brachiaria 

species (B. brizantha cv. Marandu, B. decumbens and B. humidicola), Dias-Filho & Carvalho 

(2000) concluded that B. brizantha cv. Marandu has low tolerance, B. decumbens, moderate 

tolerance and B. humidicola a greater tolerance to flooding. As part of this study, results 

published subsequently showed that the starch content measured in leaves, six days after the 

onset of flooding, was inversely proportional to the relative tolerance of these grasses to 

flooding (Dias-Filho, 2005, 2006). It is possible to infer that, as postulated for other species 

(Araya et al. 2006), the sharp decline in photosynthetic rate of B. brizantha cv. Marandu under 

flooding may, at least in part, be attributed to non-stomatal factors, such as the phenomenon of 

feedback inhibition, resulting from the accumulation of starch in the leaves of this cultivar. In the 

same study, both B. brizantha cv. Marandu and B. humidicola accumulated more carbohydrates 

in the roots when under flooding. This accumulation, however, was higher in B. humidicola. This 

behavior suggests that anaerobic conditions caused by soil flooding, restricted respiration of 

sucrose, which in grasses is the dominant form of carbohydrate in the phloem (Amiard et al. 

2004). Thus, it is possible to infer that the greater accumulation of starch in leaves and the 

increased content of soluble sugars in the roots of B. brizantha cv. Marandu under flooding 

resulted from lower demand for carbohydrates due to the reduction of growth and metabolic 

activities in the roots. These responses also indicate that the level of sugars in the roots of B. 

brizantha cv. Marandu would not be critical to determine the tolerance of this cultivar to soil 

flooding. 

Subsequent studies on the relative tolerance of Brachiaria genotypes to waterlogging (Dias-

Filho, 2002; Caetano & Dias-Filho, 2008, Dias-Filho & Queiroz, 2003, Mattos et al. 2005) 

confirmed the low tolerance of the cultivar Marandu of B. brizantha, but also, interestingly, 

indicated that different genotypes within B. brizantha show differential tolerance to this stress 

(Dias-Filho, 2002; Caetano & Dias-Filho, 2008). Similarly, Silva et al. (2009) also found 

intraspecific variation in tolerance to soil flooding among seven genotypes of Panicum 

maximum. These findings suggest that the stress caused by excess soil water is able to select 

the populations of these grasses, resulting in the various gradients of tolerance to excess soil 

water reported in those studies. Similarly, Mollard et al. (2008), after comparing populations of 

Paspalum dilatatum from high and low areas, subject to periodic flooding, concluded that the 

populations from the lower areas (more prone to flooding) would have greater tolerance to soil 

flooding. These finding confirms that the stress caused by soil flooding can cause a selective 

pressure on the populations of forage grasses. 
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In comparing the tolerance to soil flooding of four cultivars of Panicum maximum (Massai, 

Mombaça, Milênio and Tanzania), Holanda (2004) observed that, in general, the performance of 

flooded plants is mostly affected in the cultivar Milênio and, to some degree in Mombaça. For 

example, under flooding, the relative growth rate was reduced by 31% in Milênio and 43% in 

Mombaça, while in Tanzania and Massai the reductions were 23 and 21%. The net 

photosynthesis, measured five days after the onset of flooding, decreased by 36% in the cultivar 

Milênio and 12, 15 and 24% in cultivars Massai, Mombaça and Tanzania. Root production was 

significantly decreased by flooding in all cultivars; however, the lowest decline occurred in 

Tanzania (41%), whereas in other cultivars the reduction ranged from 50 to 54%. 

It is important to observe that even in waterlogged tolerant grasses this stress can decrease the 

performance of plants. For example, Brachiaria mutica and Echinochloa polystachya under soil 

flooding experience reductions in leaf area, dry matter production, leaf: culm ratio and number 

of tillers, compared to plants grown under field capacity (Costa, 2004). Similarly, the K, Ca, Mg 

and S contents are also reduced in the leaves of these species when under flooding (Costa, 

2004). 

Screening strategies of forage plants to excess soil water 

Screening programs for tolerance to excess soil water in forage species should include 

strategies that reconcile the efficiency of the observed plant attributes as indicators of tolerance, 

the objectivity and practicality of the methods used for observing and measuring these 

attributes, and the reliability of the results. Thus, the effectiveness of a screening program for 

tolerance to excess soil water in forage species depends, first, on the identification of attributes 

that can be effectively used as indicators of plant tolerance to this stress. Once these attributes 

have been identified, the second step should be the search for effective and objective methods 

to measure these attributes in plants; this should be followed by strategies that are efficient in 

the use and interpretation of the data, in order to screen the evaluated genotypes. Once these 

conditions have been met, the rapid achievement of consistent results is ensured. 

As previously mentioned, several morphological and physiological attributes have been used to 

screen the tolerance of forage plants to excess soil water, among them, the most common are: 

dry matter production of (leaves and roots), leaf elongation rate, gas exchange (net 

photosynthesis and stomatal conductance) and leaf chlorophyll content (SPAD). Other attributes 

have also been used, although to a lesser extent. Some of these are: the activity of alcohol 
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dehydrogenase (ADH), mineral concentration and starch content in leaves and soluble sugars in 

roots. 

Dias-Filho & Carvalho (2000) proposed the leaf elongation rate as an efficient 

morphophysiological attribute for early detection of tolerance to excess soil water in gasses. 

Thus, the greater the decline in leaf elongation rate of a particular grass genotype in response 

to excess soil water, the less tolerant that genotype would be to that stress. 

A morphological trait common to the various studies mentioned above is the evaluation of dry 

matter production (whole plant production or leaves and roots). Thus, the higher dry matter yield 

of a genotype under excess soil water, at first would indicate a greater tolerance of this 

particular genotype to this stress. However, a potential problem of a plain comparison of dry 

matter yield among genotypes under excess soil water is that, due to their natural morphological 

peculiarities, certain genotypes, even though with low tolerance, when grown under this stress 

still can attain higher absolute dry matter productions than more tolerant genotypes. For 

example, in two screening trials to access the tolerance of B. brizantha genotypes to excess soil 

water, the dry mass production under waterlogged conditions of roots (Dias-Filho, 2002) and 

green leaves (Dias-Filho, 2002; Caetano, Dias-Filho, 2008) of cultivar Arapoty were lower than 

that of cultivar Marandu, although this cultivar is less tolerant to excess soil water than is the 

cultivar Arapoty (Dias-Filho, 2002; Caetano, Dias-Filho, 2008). Such inconsistency is the result 

of the natural differences (i.e., genetic) in size of these genotypes, even though they are of the 

same species. Marandu plants are naturally larger than those of Arapoty. So in this case, using 

only the absolute dry mass production as a screening decision tool for tolerance to excess soil 

water would lead to the discarding of the cultivar Arapoty as tolerant, or in an even more serious 

error, would promote the cultivar Marandu as tolerant to excess soil water. 

One way to avoid this problem could be achieved by using the methodology described by Dias-

Filho (2002). In that methodology, the tolerance of a grass genotype to excess soil water is 

assessed by comparing this genotype with itself, under ideal conditions. Thus, what would be 

measured and then compared among genotypes would not simply be the absolute dry matter 

production (or any other parameter) under stress, but how much this production has been 

affected by stress. So in this case, the percentage of decrease (or increase) in dry mass 

production (relative yields), caused by waterlogging, would be the tolerance meter to excess soil 

water, and not the absolute dry matter production per se. This logic can also be applied to other 

morphological and physiological parameters (Dias-Filho, 2002; Caetano, Dias-Filho, 2008). 
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Another relatively common event in trials for screening forage species to excess soil water, that 

can cause inconsistent results, is related to methodological flaws in planning. Thus, in 

experiments where forage grasses are grown in pots, for relatively long periods, it is possible 

that the performance of plants grown without stress (i.e., control plants) decreases with time. 

The explanation for this phenomenon is the excessive growth of plant roots in the restricted 

environment of the pots of the control treatment. This excessive growth would make these 

plants more susceptible to nutritional stress and water deficit, which could become more intense 

with time. This particular situation would cause a sharp drop in the performance of these plants, 

confounding the interpretation of the results. This type of situation is particularly evident and 

common among genotypes with high ability for root growth, as the cultivar Marandu of B. 

brizantha. For example, in a trial in which it was studied the photosynthetic rate and stomatal 

conductance of B. brizantha cv. Marandu under excess soil water and field capacity (control 

treatment), Mattos et al. (2005) found no difference between treatments for these parameters. 

However, by observing the results of this experiment, it is possible to infer that the mean 

photosynthetic rate of control plants (9 mol m-2 s-1) is below of that expected for a C4 grass, 

grown under theoretically ideal conditions. Therefore, it is possible to infer that in that particular 

situation, the control plants lacked the ideal conditions (environmental and physiological) to 

express their full photosynthetic potential. This situation probably also interfered with the other 

parameters measured in that study. The alternative to avoid this relatively common 

methodological problem is planning experiments with shorter periods of evaluation. Another 

alternative, not always completely effective and practical, is to use higher-capacity pots. 
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