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Soybean has been considered for some time as a crop with potential for flood 

tolerance because of its highly adaptive nature under flood stress.  The designation of 

genetic markers for flood tolerance in southern varieties has kindled interest in further 

defining the physiological properties associated with acclimation to flooding.  The 

objective of this research was to identify distinguishable morphological changes in 

response to early season flooding (V2 growth stage), in an attempt to isolate a 

characteristic or groups of characteristics that can be used for identification of potentially 

flood tolerant varieties.  A lysimeter trial was carried out at the University of Florida 

Everglades Research and Education Center, Belle Glade, Florida, from May to August 

2004.  Eleven genotypes (ten numbered Recombinant Inbred Lines (RIL) and Hinson) 

were flooded at the V2 growth stage.  Plants were subjected to one of three flood regimes 

(well watered, 2 weeks of flooding with 2-week recovery, or 4 weeks of flooding).  

Consistent patterns of adaptation developed with additional flood duration including 

xi 



decrease in leaf area, total biomass, and nodulation accumulation, and an increase in 

adventitious root length.  Genotypic response to flooding was significantly different for 

all plant tissue types, while differentiation between varieties based on flood tolerance was 

inconsistent.  Growth characteristics including primary root dry weight, length, surface 

area, and adventitious root dry weight have been identified as positively correlated to 

flood tolerance under these experimental conditions. 
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CHAPTER 1  
INTRODUCTION 

Overview 

This chapter provides an overview of the rationale, approach, and hypotheses 

underlying this study pertaining to the morphological response of soybean to early-season 

flood stress.  Subsequent chapters include comprehensive literature reviews, materials 

and methods, results, discussion and conclusion sections.  Chapter 2 outlines the effect of 

flooding treatments on primary roots, adventitious roots, and nodules.  Chapter 3 

describes the effects of the same treatments on stem, leaf, and whole plant biomass as 

well as the relationship between root and shoot growth.  Chapter 4 contains my 

perspectives on the research process based on my experience during my M.S.  This 

division of chapters allows for the independent analysis of plant components that are 

interactive in nature, as well as a comprehensive analysis of the plant as an entire entity.   

Introduction 

 Background 

The Everglades Agricultural Area (EAA) is located on the southeastern shore of 

lake Okeechobee, primarily in Hendry and Palm Beach Counties, Florida.  With a 

sugarcane production area of approximately 180,000 ha (Schueneman, 2002), this region 

is home to more than 50% of the United States sugar cane production.  Established in the 

1920’s, the sugarcane industry boomed in the 1960’s with the exclusion of Cuban access 

to US markets.  Agricultural production in the area was made possible primarily by two 

technological developments, the introduction of varieties adapted to Florida’s climate and 
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the development of a regional drainage structure including canals that allowed for control 

of water levels in this often-flooded area (Alvarez and Polopolus, 2002).   

The soils primarily used for sugarcane production are Histosols characterized by 

high organic matter content, deep organic matter profile, and low clay mineral content 

(Rice et al., 2005).  While fertilization recommendations vary dramatically depending on 

soil location and properties, these soils are generally recognized as highly fertile. 

Conversely, approximately 20% of the sugarcane grown in Florida is grown on sandy 

mineral soils adjacent to the muck soils of the EAA.  Soils in this region are fine to 

coarse textured sands with varying organic matter content predominantly classified as 

Spodosols, but Entisols and Mollisols occur in transitional areas. The majority of these 

soils are subject to flooding because of the close proximity of bedrock and hard pans 

resulting in seasonally high water tables.  High variability in soil characteristics, 

inherently low nutrient content, and drainage concerns combine to create a need for 

intensive crop management in this region (Gilbert et al., 2002).   

Crop rotations with sugarcane on mineral soils 

Sugarcane is a perennial crop, generally harvested at yearly intervals between 

October and April.  The following year’s crop (ratoon) is the result of re-growth from the 

rhizomes and stubble left after harvest.  A field will remain in production until yields 

have fallen below an acceptable threshold.  The yearly reduction in yield is more 

accentuated on mineral soils with their low organic matter content and limited inherent 

soil fertility (Muchovej, 2002).  While sugarcane fields may stay in production for 

several years, once a field is removed from production, there may be an extended period 

of fallow between final harvest and replanting.  It is well documented that the use of a 

leguminous cover crop can add both soil organic matter and offer a substantial source (up 
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to 50-200 kg ha-1) of organic nitrogen (Powers and McSorley, 2000).  Considering the 

soil fertility limitations of mineral soils for sugarcane production, use of a legume-based 

rotation during fallow appears to be desirable.   

Environmental and agronomic limitations make selection of an appropriate 

rotational crop critical to its potential success in this region.  Ideally, the rotation crop 

would provide substantial amounts of biomass and provide a high rate of nitrogen 

fixation.  When selecting a leguminous rotation crop the following considerations are 

important:  1) It must fit into the agronomic calendar used by sugarcane growers, that is 

to say, there is a window of approximately six months in which the rotation crop should 

reach its full beneficial potential; 2) It must not interfere with future cane production, 

germination, or growth; 3) Its seed must be readily available; 4)  It should provide 

significant increases in cane production; 5)  It must be financially appropriate from a 

cost/benefit perspective; and 6) It must be adapted to the climatic conditions of the 

region, including high average temperature, periodic flooding, and high water tables 

(Muchovej, 2002). 

Soybean (Glycine max. L. Merrill) as a rotational crop 

Soybean, possibly because of its value as a food staple, is mentioned less often than 

other annual legumes when considering potential green manures.  Muchovej (2002) 

however, cites that soybean can fix as much as 112 kg ha-1 N, more than cowpea (Vigna 

sinesis), peanuts (Arachis hypogaea), or snap beans (Phaseolus vulgaris).  While soybean 

is generally considered susceptible to flood stress (Sullivan et al., 2001), it has proven to 

be more resistant to soil waterlogging than cowpea, a commonly grown crop in the EAA 

(Andreeva et al., 1987).  Considering the limitations placed on variety selection for green 

manures in this growing environment, soybean appears to merit additional investigation.  
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Rationale 

Soybean has not been grown commercially in South Florida.  As such there is 

limited information on the acclimation of this species to the specific production 

environments that prevail in this region and its performance under local conditions.  

Concurrently there is increased interest in identifying and generating flood tolerant 

varieties that can allow for increased production in areas prone to waterlogging across the 

United States.  The opportunity to investigate soybean flood tolerance is both pertinent to 

the potential use of soybean as a rotational crop in South Florida and potentially 

enlightening in the development of new tolerant varieties.  In addition the availability of 

ten recombinant inbred lines (RIL’s) bred and tested for flood tolerance at the University 

of Arkansas (Cornelious, 2003) offered a unique opportunity to combine documented 

tolerance research with additional studies on plant growth.   

Selection of genetic material 

All experiments included in this study drew on the pool of ten RIL’s generated and 

previously tested for flood tolerance at the University of Arkansas (Cornelious, 2003).  

Each genotype had been rated based on visual “flood injury” and yield potential.  The ten 

RIL’s included in this study represent the five “most tolerant” and five “most sensitive” 

lines based on the Arkansas grading methods.  Genotypes available included:  most 

sensitive, 91209-119, 91209-220, 91209-269, 91209-143, 91209-297 and most tolerant, 

91209-126, 91209-142, 91209-151, 91210-316, and 91210-350.  The trial also included 

Hinson, a recommended variety for soybean maturity group VIII in Florida, as a 

commercial check.   
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Flood tolerance 

The available genetic material had been rated for tolerance based on response to a 

10-14 day flood treatment at the R2 growth stage (Fehr and Caviness, 1977).  A 0-9 

visual flood injury scale was used with 0 = no injury and 9 =severe injury.  In addition, 

soybean grain yield response was measured as a percent decrease in yield for flooded 

treatments compared with non-flooded treatments (1-[grain yield flood / grain yield 

control])*100% (Cornelious, 2003).  For the purpose of this study “tolerance” is defined 

as the mean total plant dry weight of flooded treatments expressed as a percentage of the 

total plant dry weight of the non-flooded treatment (plant dry weight flood / plant dry 

weight non-flood).  Using this approach, the relationship between flooded and non-

flooded treatments is maintained.  The expression of tolerance is however, the inverse of 

that used by Cornelious, resulting in higher tolerance rating ratios for materials with 

higher tolerances. 

Approach 

Following the logic of Bacanamwo and Purcell (1999a, 1999b) and emphasizing 

the key role of morphological adaptations in the avoidance of flood injury, the intent of 

these experiments was to determine if a link exists between identifiable morphological 

traits and flood “tolerance.”  Flooding at an early season growth stage (V2) was selected 

in an attempt to determine the possibility of reducing the time and expense associated 

with genotypic flood tolerance identification.  V2 had been identified as an early season 

soybean growth stage susceptible to flood stress (Linkemer et al., 1998), thus flooding at 

this stage would highlight any genotypic differences.  Morphological changes have been 

used for early identification of growth traits in other legume species (Sultana et al., 

2002).  Morphological changes of interest based on the current literature on the 
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adaptation of plants to flood stress include:  Root growth parameters including dry 

weights of primary and adventitious roots, primary and adventitious root length and area, 

and nodule development.  Shoot growth parameters of interest included dry weights of 

leaves and stems, SPAD leaf greenness readings, and plant height. 

Null Hypotheses 

1. H0I:  No significant soybean morphological differences will occur between soybean 
genotypes subjected to various flooding treatments (Chapters 2 and 3). 

2. H0II:  No significant soybean morphological differences will be observed between 
flood treatments (Chapters 2 and 3). 

3. H0III:  There are no significant flood x genotype interactions for soybean 
morphological traits (Chapters 2 and 3). 

4. H0IV:  There are no significant differences in flood “tolerance” among genotypes 
when subjected to various flood treatments (Chapter 3). 

5. H0V: There is no significant relationship between flood tolerance and soybean 
morphological traits (Chapters 2 and 3). 

6. H0VI:  There is no significant difference between flood tolerance rankings reported 
in this study and flood tolerance rankings reported by the University of Arkansas 
(Chapter 3). 

 

 



 
 

 

CHAPTER 2 
THE EFFECT OF FLOODING AND GENOTYPE ON THE SOYBEAN (GLYCINE 

MAX  L. MERRILL) RHIZOSPHERE  

Review of Literature 

Identification of Tolerance to Flood Stress 

Flood tolerance may vary greatly between plant species.  Variation in maximum 

allowable flood duration ranging from a few hours to weeks can be attributed to two 

primary factors:  the increased availability of oxygen to the roots provided by 

morphological adaptations in tolerant plants, and different biochemical responses to 

anaerobic conditions (Kramer and Boyer, 1995).  Intra-species variation in flood 

tolerance depends greatly on the plant organs directly affected by flooding, stage of plant 

development at which the flood is imposed, and external conditions such as temperature 

(Vartapetian and Jackson, 1997). 

While a net reduction in growth is to be expected under anaerobic conditions, many 

plants exhibit a number of adaptive morphological responses that result in increased 

growth or extension of certain tissues (Jackson and Drew, 1984).  The primary adaptation 

of the rhizosphere is the development of adventitious roots.  Adventitious roots are 

defined as non-primary roots emerging from hypocotyl tissue (Zobel, 1991) and are 

commonly viewed as a partial replacement for the incapacitated original root system 

(Jackson and Drew, 1984).  

Various methods have been used to identify flood tolerance.  It is generally 

accepted that yield of high quality marketable seeds is the ultimate judging factor (Van 

 7



8 

Toai et al., 1994; Roiselle and Hamblin, 1981).  Van Toai et al. (1994) rated flood 

tolerance of 84 varieties by total grain yield under flooded and non-flooded conditions, 

allowing for a comparative ranking of tolerance based on yield.  Roiselle and Hamblin 

(1981) used a comparative yield analysis defined as the average of flooded and non-

flooded yields.  This approach selects the variety promising highest yield return 

regardless of stress conditions.  Van Toai and Nurijani (1996) flooded soybeans for the 

length of the growing season (approximately 12 weeks) and measured average seed yield 

of flooded plants and SPAD leaf color reading for each variety.  These values were 

divided by the values for the control.  The resulting ratio represented a measure of 

tolerance based on relative yield within varieties rather than total yield.  Bacanamwo and 

Purcell (1999a, 1999b) took a different approach to determining tolerance.  Emphasizing 

the necessity of morphological adaptations for avoidance of flooding injury, they 

suggested that selecting varieties for morphological adaptations to flooding may be the 

best way to select for flooding tolerance.  This study uses an approach similar to that of 

Van Toai and Nurijani (1996) while incorporating the morphological emphasis of 

Bacanamwo and Purcell (1999a, 1999b).  Using a flooded to control ratio allows for the 

elimination of bias given to genotypes accumulating greater quantities of biomass under 

all treatments.   

         While soybean is generally considered susceptible to flooding (Bacanamwo and 

Purcell, 1999a, 1999b; Sullivan et al., 2001) showing reductions in growth and yield 

when flooded for 7 days (Oosterhuis et al., 1990; Sallam and Scott, 1987), there is 

evidence that in comparison to other legumes, soybean has the ability to adapt to soil 

waterlogging.  Andreeva et al. (1987) reported soybean to be more flood tolerant than 
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cowpea.  Boru et al. (2003) showed no negative effects on survival or leaf greenness of 

soybean plants grown in nitrogen gas with no detectable oxygen for 14 days, suggesting 

that soybean is more tolerant to increased levels of water and decreased oxygen than 

previously thought.   

The effects of waterlogging on the soybean rhizosphere are substantial and 

generally negative.  A decrease in nitrogen accumulation for flooded soybean plants 

(Pankhurst and Sprent, 1975; Sugimoto and Satou, 1990) has been identified as the 

limiting factor to growth (Bacanamwo and Purcell, 1999a).  Flooding for one week was 

sufficient to reduce leaf nitrogen concentration levels below deficiency at early 

vegetative stages (Sullivan et al., 2001).  Reduction in nitrogen has been attributed to 

decreased nodulation (Sprent, 1972; Sallam and Scott, 1987; Sung; 1993), increased 

levels of ethylene (Sprent and Gallacher, 1976), and decreased nitrogenase activity 

(Bennett and Albrecht, 1984).  However, after 4 days of flooding there was no 

destruction of cellular mitochondria in roots (Andreeva et al., 1987).  Maintaining 

mitochondrial integrity is essential to continued nitrogenase activity.  After an initial 

depression in nitrogenase activity flooded soybean plants actually recovered a level of 

activity comparable to that of the control (Bennett and Albrecht, 1984).  Though a 

reduction in all root growth parameters was observed (Sallam and Scott, 1987), the 

development of new nodules at the soil surface and on newly developed adventitious 

roots offset the loss of original nodule function (Bacanamwo and Purcell, 1999b; Bennett 

and Albrecht, 1984) in flooded soybean.  Plant nitrogen fixation returned to near normal 

levels within 15 days after removal of flood treatments of up to 14 days (Sugimoto and 

Satou, 1990; Bennett and Albrecht, 1984).  The recovery of nodule function coinciding 
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with the rebound in plant growth after the removal of flood treatments provides evidence 

that active root nodules are necessary for flood tolerance (Sprent, 1972; Sugimoto and 

Satou, 1990). 

Short-term acclimation to flooding through biochemical responses may allow for 

avoidance of certain injurious factors (Vartapetian and Jackson, 1997).  These 

biochemical changes have been shown, in the case of wheat, to be temporary (Good and 

Muench, 1993).  Long-term flood tolerance will require morphological adaptations in the 

plant allowing for increased aeration of the roots (Vartapetian and Jackson, 1997; 

Bacanamwo and Purcell, 1999b).     

“Adventitious rooting is a mechanism for replacing existing roots that have been 

killed or whose function is impaired by anoxia at depth” (Vartapetian and Jackson, 1997).  

Extensive adventitious root development has been reported to enhance oxygen transport 

from the stem to the roots (Visser et al., 1996) and reduce flooding injury in soybeans 

(Lee et al., 2003).  Adventitious root fresh weight as a percentage of total root weight was 

greatly increased by flooding.  Twenty-one days of flooding at the V4-V6 growth stage 

resulted in adventitious root percentages of 33-41% total root fresh weight (Bacanamwo 

and Purcell, 1999b).  Pires et al. (2002) reported similar results for a 14-day flood at the 

V2 growth stage.                

 Aerenchyma is spongy modified tissue containing large connected pores that 

facilitates gas exchange (Evans, 2003).  Flooding in soybean plants greatly increased the 

incidence of aerenchyma in the cortex of roots. Aerenchyma development was primarily 

evident in new adventitious roots, whereas primary roots of flooded plants exhibited 

tightly packed cortical cells (Bacanamwo and Purcell, 1999b).  Cortical aerenchyma 
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formation especially in adventitious roots was apparent after 21 days of flooding from the 

V2 to V5 growth stages (Pires et al., 2002).  Inhibition of adventitious root and 

aerenchyma development through the application of 5 µM Ag, which counters ethylene 

reduction, increased the flooding susceptibility of soybeans.  An additional loss of 25% 

biomass and leaf nitrogen accumulation over simple flooded treatments was witnessed 

with the application of Ag.  This indicates that adventitious root and aerenchyma 

formation are important for acclimation to flooding (Bacanamwo and Purcell, 1999b).         

Selecting Soybean Genotypes for Flood Tolerance 

Though the ultimate criterion for judging flood tolerance is seed yield, early-season 

screening techniques for flood tolerance would decrease the time and resources required  

for plant breeding programs.  Several traits have been used to make determinations about 

flood tolerance in soybean including: leaf color, plant height, chlorophyll content, and 

biomass of roots and shoots.  Attempts to use these characteristics to develop a flood 

resistant line have yet to be fully successful (Van Toai et al., 2001).  Flood tolerance in 

soybean plants is considered to be a developed adaptation specific to particular genotypes 

rather than an inherent property (Van Toai and Nurijani, 1996), therefore there is genetic 

variability in tolerance among cultivars (Van Toai et al., 1994; Van Toai and Nurijani, 

1996).   

Van Toai et al. (2001) used 122 recombinant inbred lines (RIL) of an Archer x 

Minsoy cross and 86 RIL’s of an Archer x Noir cross, noting that Archer is more flood 

tolerant than either of the other two varieties.  Flooding response was measured by a 

comparison of plant height and seed yield.  A single quantitative trait locus (QTL) was 

identified for both increased height and increased yield. Plants containing the Archer 

Sat_064 allele yielded 95% more and were 16% taller than control plants.  The effect of a 
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single marker on both height and yield suggests that plants that grew better under 

waterlogged conditions also yielded more (Van Toai et al., 2001) 

A second trial performed in Costa Rica, flooding plants for 10-14 days until mild 

chlorosis was noted, showed a very different result (Reyna et al., 2003).  Plants 

containing the Archer Sat_064 marker showed no difference in yield between flooded 

and non-flooded treatments.  Plants containing the southern  (A5403) Sat_064 allele did 

show significant yield advantages over plants not containing that marker (Reyna et al., 

2003).   

While both trials do show genotypic variation in flood tolerance and the potential 

for identification of pertinent genetic markers, the inconsistent demonstration of flood 

tolerance in these strains highlights the current limitations of the flood tolerance 

identification process in soybean.  There is a critical need for further investigation of both 

genetic and morphological flood tolerance indicators. Positive correlations between early-

season flood adaptations, and flood tolerance as defined by grain yield, could greatly 

reduce the time and resources needed to identify potentially flood tolerant varieties for 

breeding purposes.    

This chapter highlights the morphological adaptations of the rhizosphere portion of 

the soybean plant to flooding in an attempt to isolate specific physiological characteristics 

that may help identify flood tolerant germplasm.  Reporting the growth patterns of 

isolated plant components and their correlation to tolerance allows us to more closely 

examine the immediate effects of flood treatments on these components.  The rhizosphere 

fraction is most immediately affected by flooding due to its proximity to the source of 

stress (Kramer and Boyer, 1995).  Our objectives were to examine the effects of flooding 
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soybean on 1) growth of the primary rooting system, 2) the development and expansion 

of adventitious roots, 3) nodule growth, and also to 4) determine the relationship of 

rhizosphere morphological changes to overall flood tolerance.       

Materials and Methods 

Two experiments were conducted at the Everglades Research and Education Center 

(EREC, 26o 39' N, 80o 38' W), in Belle Glade, Florida.  Twenty-four separate concrete 

lysimeters were used in two separate experiments.  The lysimeters used for Experiment 1 

had an inside measurement of 3.5 m x 0.97 m and a depth of 0.91 m, while those used for 

the Experiment 2 measured 2.29 m x 1.07 m also at a depth of 0.91 m.  Each lysimeter 

was equipped with a gravel leach bed approximately 15 cm in depth and a pvc release 

valve extending from one end (short side) of the container.  Inserting or removing a 

stopper from the release valve allowed free drainage by gravity of water accumulated in 

the leach bed.  Flood treatments were maintained at constant height through the use of a 

float valve set to add water whenever the level fell below 3 cm above the soil surface.  

Each lysimeter was filled to approximately 5 cm below the container lip with a topsoil 

mix (Odum’s Inc., West Palm Beach, Fl) consisting of 90% coarse sand and 10 % 

organic soil.  This topsoil mix was chosen as it most closely approximated the mineral 

soils in the Everglades Agricultural Area.  Planting for Experiment 1 took place on May 

25, 2004 and planting for Experiment 2 was performed on June 29, 2004.  Both 

experiments had a total duration of 49 days.      

Selection of Genetic Material 

Experiment 1 included ten Recombinant Inbred Lines (RIL’s) (provided by Dr. 

Pengyin Chen, University of Arkansas) generated and previously tested for flood 

tolerance at the University of Arkansas (Cornelious, 2003).  Each genotype had been 
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rated based on visual “flood injury” and yield.  The ten genotypes included in this study 

represented the five “most tolerant” and five “least tolerant” lines based on the Arkansas 

grading methods.  The most tolerant genotypes included were 91209-126, 91209-142, 

91209-151, 91210-316, and 91210-350. The most sensitive genotypes were 91209-119, 

91209-143, 91209-220, 91209-269, and 91209-297.  The trial also included Hinson, a 

commercial variety recommended for soybean maturity group VIII in Florida.  Flood 

tolerance rankings remained unknown to the researchers until the conclusion of the trials.  

Due to space limitations, six of the eleven genotypes used in Experiment 1 of the 

lysimeter trial were selected for Experiment 2.  Selection of these six genotypes was 

based on the comparison of dry weight data from a 21-day preliminary trial.  The ratios 

of plant dry weights from the 21-day flood treatment to plant dry weights of a non-

flooded treatment were calculated for each genotype.  The three genotypes showing the 

greatest flood/dry ratio and the two varieties having the lowest flood/dry ratio were 

selected for the second experiment.  Hinson was also included to continue as a 

commercial check.  The genotypes selected were:  91209-126, 91209-142, 91209-220, 

91209-269, 91210-350, and Hinson. 

Experimental Design 

Experiment 1 consisted of a 3 x 11 factorial experiment arranged in a split-plot 

design with 4 replicates (2.1).  Each of the twelve lysimeters represented one of three 

flood treatments or main plot effects; no flood, 2 week flood duration followed by 2 

weeks without flood, or 4 week flood duration.  The main plots (lysimeters) where then 

divided into eleven sub-plots representing each of the eleven selected soybean genotypes.  

Flood treatments were randomly assigned to the three lysimeters within each replication 

and genotypes were randomly assigned plot position within the lysimeters.  This process 
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was repeated independently for each of the four replicates.  The design of Experiment 2 

was similar to Experiment 1, however only the six selected genotypes were used.  

Table 2-1 Experimental designs used for soybean flooding experiments. 

rop Management 

 Seeds were inoculated with soybean-specific rhizobium to enhance initial 

nodulation.  Plant spacing was 10 cm within rows and 28 cm between rows.  Sowing was 

designed to minimize border effects.  A row of Hinson seed was added to each end of the 

lysimeter and each sub plot row was bordered with a Hinson plant.  Each lysimeter in 

Experiment 1 was sown with seven plants per genotype, while eight plants per genotype 

were sown in Experiment 2.  Any seeding gaps were re-sown after germination to 

eliminate the “gap effect” and maintain the integrity of the sampling pattern.  These late-

sown plants were omitted during sampling.  

Flood treatments were imposed when 50% of the plants reached the V2 growth 

stage across sub-plots (genotypes), main-plots (flood treatments), and replicates.  V2 is 

defined as the full extension of the second trifoliolate leaf beyond the unifoliate node 

(Fehr and Caviness, 1977) and was identified as an early season growth stage susceptible 

to flooding stress (Linkemer et al., 1998).  Plants were maintained as “well-watered” up 

Experiment 1 3 x 11 factorial design Experiment 2 3 x 6 factorial design
Main Plots Sub-plots Replications Main Plots Sub-plots Replications
Flood Treatment Genotype 4 Flood Treatment Genotype 4
Non-flooded 91209-119 Non-flooded 91209-126
2 Week Flood 91209-126 2 Week Flood 91209-142
4 Week Flood 91209-142 4 Week Flood 91209-220

91209-143 91209-269
91209-151 91210-350
91209-220 Hinson
91209-269
91209-297
91210-316
91210-350
Hinson

 
C
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to the initiation of the flood treatments as determined by soil volumetric water content 

(VWC) measure of 0.15 as taken by a Field Scout TDR 100® (Spectrum Technologies 

Inc., Plainfield, IL).  Flood treatments imposed at the V2 growth stage consisted of 

raising the lysimeter water level to approximately 3 cm above the soil surface.  Flooding 

depth was maintained at this level using a float valve positioned to allow automatic refill 

when water height dropped below 3 cm.  Each lysimeter within a replicate was assigned a 

flood treatment of: no flood, 2-week duration, or 4-week duration.  Treatments of 2 

weeks and 4 weeks were initiated at the same time allowing the 2-week flooded plants a 

recovery period of 2 weeks.  The non-flooded treatment was maintained at near field 

capacity throughout the trial.  The 2-week duration treatment was maintained near field 

capacity for the final two weeks of the trial, after the imposed flood was removed.  Flood 

treatments were identical for both experiments. 

Fertilizer application amount was based on a soil analysis performed at the 

Everglades Soil Testing Laboratory (2.2).  Nitrogen tests are not considered to be 

meaningful for Florida’s sandy soils and therefore not included (Sartain, 2001).  The 

nitrogen application of 22 kg ha-1 was based on University of Florida Extension 

recommendations for snap beans on similar soils within the region*.  Nitrogen was 

applied at 36 and 24 grams per lysimeter in Experiments 1 and 2 respectively using a urea 

(21% N) formulation.  Phosphorus was applied as triple super phosphate at 110 kg P2O5 

ha-1 translating to an application rate of 82 grams and 56 grams of fertilizer per lysimeter 

for Experiments 1 and 2 respectively.  Potassium, also recommended at 110 kg K2O ha-1, 

was applied as potassium chloride at 63 and 43 grams per lysimeter in Experiments 1 and  

 
* No N fertilizer recommendations for soybean in South Florida have been established. 
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Table 2-2  Preliminary Mehlich-I soil test results and fertilizer recommendations. 
    Soil Test Values (kg ha-1)  Recommendations (kg ha-1)   

Sample ID Soil Texture pH  P K Ca Mg Si (mg kg-1)   K   P2O5 2O Mg
Lysimeter 1 sand 6.5 88 22 996 29 7  112 112 0 
Lysimeter 2 sand 6.6 77 21 984 21 7  112 112 0 
Lysimeter 3              sand 6.5 72 25 1049 29 7 112 112 0
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2.  Fertilizer was banded between rows and applied at sowing for both Experiments 1 and 

2.  An additional application of MicroMax® (Lacebark Inc., Stillwater, OK) micronutrient 

powder containing 15% S, 12% Fe, 2.5% Mn, 1% Zn, 0.5% Cu, 0.1% B, and 0.005% Mo 

was applied to Experiment 1 at a rate 30 g lysimeter-1 at 14 and 21 days after planting.  

For Experiment 2 the entire 60 g recommended dosage was applied 14 days after 

planting.   

Ridomil Gold® (Sygenta Crop Protection, Inc.) fungicide was applied prior to 

sowing in order to suppress root damage from Phytophthora root rot (at a rate of 11.9 and 

7.2 g lysimeter-1) in Experiments 1 and 2 respectively. 

Measurements 

Volumetric water content (VWC) was measured every other day and used primarily 

to determine “flooded” and “well watered” soil status.  One sample was taken from each 

end (short side) of the lysimeters for two total samples and averaged to give VWC of the 

lysimeter as a whole.  Each sample was taken halfway between planting rows in order to 

minimize root disturbance.  The exact sampling position was varied on each date to avoid 

air pockets created by previous samples that would have affected VWC readings.   

Flooded soils had VWC measurements  > 0.45. Non-flooded treatments were maintained 

at approximately 0.15 VWC using overhead watering.   

Plant biomass sampling 

Soybean biomass was sampled on three occasions over the course of each trial:  prior to 

the initiation of the flood treatments at 21 days after sowing (DAS), at the cessation of 

the 2- week flood duration 35 DAS, and at final harvest 49 DAS.  At each sampling date 

a whole-plant sample was obtained including a 10 cm x 15 cm x 30 cm deep soil volume 
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centered around the stem of the plant to be harvested that contained the root portion of 

that plant. 

At 21 DAS one plant per sub-plot was harvested.  Each plant was divided into root, 

stem, and leaf portions.  Roots were determined to begin at the soil surface.  Leaf blades 

were removed right above the petiole with petiole weight being included in the stem 

fraction.  The 35 DAS sampling also utilized one plant per sub-plot.  Each plant was 

divided into primary root, adventitious root, nodule, stem, and leaf components.  Primary 

and adventitious roots were segregated based on a visible gap between rooting layers 

generally located just below the soil surface (Stoffella et al., 1979).  No distinction was 

made between nodules taken from adventitious and primary roots.  The final harvest 

sample consisted of three plants.  Each of the samples was divided into plant components 

using the same criteria employed at 35 DAS.  Adventitious roots and primary roots from 

one of the three plants were preserved separately for root scanning by wrapping them in a 

paper towel, sealing them in a plastic freezer bag, and freezing (-20oC).  

All samples (with the exception of those frozen for subsequent root analysis) were 

dried at 65oC to a constant weight.  Dry weights were recorded for each plant component 

for all sampling dates, sub-plots, main-plots, and replicates.  For the purpose of statistical 

analysis the three samples taken at 49 DAS were averaged to calculate dry weight per 

plant. 

Root growth  

Primary and adventitious root samples collected at harvest were scanned using 

WinRhizoPro (Regent Instruments, Sainte-Foy, QC, Canada) and analyzed for total root 

length, average diameter, projected surface area, and volume.  Each sample was 

suspended in water and scanned individually.  After scanning all samples were dried at 
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65 oC to a constant weight.  The resulting dry weight was used to complete the 49 DAP 

harvest dry-weight calculations.  

Statistical Analysis 

Analyses of variance were performed for all experimental measures using proc 

GLM in SAS® (Littell et al., 2002) with flood regimes being the main plot treatments and 

genotypes the sub-plots.  Significant differences among cultivars and flood treatments 

were determined using Fisher’s protected LSD test (P<0.05).  Further analysis of 

significant interaction terms was performed using the proc GLM ‘Estimate’ statement in 

SAS® using the flood x genotype means for genotype 91210-350 as the comparative base.  

91210-350 was chosen for comparison based on its performance as the genotype “most 

tolerant” to flooding in the Arkansas trials (Cornelious, 2003).  The proc GLM ‘Estimate’ 

statement was also used to contrast group response to flooding.  The mean value for all 

flood “tolerant” genotypes as defined by Cornelious (2003) across the 2-and 4-week 

flood treatments was contrasted against the mean value for all flood “sensitive” 

genotypes.  Additionally, proc CORR in SAS® was used to calculate Spearman’s rank 

correlation coefficients to determine significant correlations between morphological 

measurements and genotype flood tolerance rankings.   

For the purposes of this study flood tolerance was defined as the mean total plant 

dry weight of flooded treatments divided by the total plant dry weight of the non-flooded 

treatment (plant dry weight flood / plant dry weight non-flood).  Using this method, 

correlations were made between soybean morphological changes and early-season flood 

tolerance, as well as flood tolerance defined by grain yield (Cornelious, 2003).   
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Results and Discussion 

Results from Experiment 2 are presented in Appendix A.  These results were 

rendered ineffectual by the inability to establish an effective non-flooded control.  

Discrepancies between Experiment 1 and 2 may be attributable to persistent precipitation 

post-flood initiation for Experiment 2.  During Experiment 2 twenty-seven days of rain 

marked the period between flood initiation and final harvest including 10 consecutive 

days immediately post-flooding (Figure 2-1).  In contrast for Experiment 1 only 10 days 

of precipitation occurred during the flood initiation to final harvest period (Figure 2-1).  

Evaluation of weather data for this time period (2.3) points most strongly to precipitation 

as the cause of Experiment 2 growth inconsistent with Experiment 1.  Noting the 

propensity for extended periods of precipitation during late summer in south Florida, two 

recommendations can be made: 1) Soybean trials should be performed with earlier 

sowing dates, preferably April-May in south Florida, and  2) In order to better guarantee 

the quality of the control future experiments should be conducted under conditions 

controlled more completely for external environmental influences.   

Primary Root Dry Weight and Dry Matter Partitioning  

No significant differences in the main (flood) effect were noted in primary root dry 

weights based on samples taken 21 or 35 days after sowing (2.4).  However, at final 

harvest (49 DAS) the non-flooded treatment root weight was significantly greater (822 

mg plant-1), than either 2-week (325 mg plant-1) or 4-week (302 mg plant-1) flooded 

treatments (2.4).    

Decrease in root biomass accumulation in flooded soybean has been noted by Pires 

et al. (2002) and Sallam and Scott (1987).  Dry weight losses are generally attributed to 

dieback of the primary rooting system (Varpetian and Jackson, 1997, 
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Table 2-3  Weekly average temperature and precipitation data for Belle Glade EREC, 
May-August 2004. 

 

Max Air Temp Min Air Temp Avg. Air Temp. Rainfall
oC mm

Week Starting
May 23rd 32.4 18.5 25.2 0.0
May 30th 33.7 21.1 26.4 6.4
June 6th 31.6 21.5 25.5 8.7
June 13th 32.4 22.5 26.5 13.1
June 20th 33.7 22.6 27.2 0.5
June 27th 32.5 22.0 26.4 1.5
July 4th 33.7 21.9 26.8 7.9
July 11th 33.2 21.4 26.1 4.7
July 18th 31.4 22.0 25.6 1.8
July 25th 31.9 21.9 25.7 10.5
August 1st 32.0 23.0 25.6 13.1
August 8th 33.5 23.0 26.9 5.5
August 15th 32.7 22.9 26.6 5.9
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Figure 2-1  Rainfall at EREC Belle Glade over the duration of Experiments 1 and 2.  Day 

1 for Experiment 1 = May 25, 2004.  Day 1 for Experiment 2 = June 29, 2004. 



23

 

  

Table 2-4  Primary root dry weight, dry matter partitioning, and relative dry weight. 
Days After Sowing

21 35 49
Dry Weight Partitioning‡ Dry Weight  Partitioning Dry Weight RDW* Partitioning

mg plant-1 mg plant-1 mg plant-1

Flood
2 Week 159 0.244 279 0.213 325 b 0.469 0.118
4 Week 168 0.249 259 0.189 302 b 0.431 0.138
Non-flooded 152 0.235 254 0.188 822 a - 0.166
LSD 0.05 32 0.220 36 0.016 68 0.010 0.010
Significance ns ns ns ns ** ns ns

Genotype
Tolerant§
91210-350 244 a 0.248 261 bc 0.169 c 472 bc 0.422 bcd 0.139 ab
91210-316 133 c 0.248 243 c 0.187 bc 528 ab 0.310 cd 0.124 b
91209-126 171 bc 0.256 267 bc 0.200 ab 482 bc 0.549 abc 0.127 b
91209-151 133 c 0.262 234 c 0.204 ab 506 abc 0.272 d 0.130 b
91209-142 133 c 0.241 213 c 0.198 abc 539 ab 0.405 bcd 0.131 b
Sensitive
91209-220 175 bc 0.231 270 bc 0.195 bc 458 bc 0.386 bcd 0.139 ab
91209-119 153 bc† 0.263 317 ab 0.226 a 519 ab 0.599 ab 0.155 a
91209-269 143 c 0.236 223 c 0.211 ab 413 bc 0.643 ab 0.155 a
91209-297 131 c 0.215 253 bc 0.204 ab 386 c 0.302 cd 0.154 a
91209-143 207 ab 0.247 257 a 0.192 bc 624 a 0.328 cd 0.155 a
Control
Hinson 133 c 0.222 271 bc 0.182 bc 385 c 0.730 a 0.138 ab
LSD 0.05 61 0.041 68 0.0 131 0.030 0.019
Significance ** ns ** * * ** **

Flood x Genotype 
Significance ns ns * ns * ns *
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means in the same column followed by the same letter are not significantly different (P<0.05).
‡Dry matter partitioning is defined as primary root dry weight / total plant dry weight.
* RDW = Relative dry weight is defined as primary root dry weight for flood treatment / primary root dry weight for non-flood treatment. 
§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).  
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Jackson and Ricard, 2003) and a decrease in the amount of photo-assimilate available for 

additional root extension (Trought and Drew, 1980).  Delays in response to flooding have 

also been reported by Sallam and Scott (1987). The delayed response of primary root dry 

weight accumulation to 14 days of flooding starting at the V2 growth stage is most likely 

attributed to the slow primary root growth rate of the soybean plant during the initial 

growth phase (Sung-Guang et al., 1996).  As the soybean plant reached the rapid growth 

phase 35 DAS, flooding served to delay root elongation and thereby reduced dry weight 

accumulation.  However, based on the continual accumulation of additional biomass in 

flooded roots it could be concluded that soybean plants produce new root material at a 

greater rate than dieback of existing roots. 

Genotypic differences in primary root dry weights persisted over all sampling dates 

(2.4).  Developmental differences in plant biomass based on soybean genotype were 

documented by Bacanamwo and Purcell (1999a).  In order to understand the contribution 

of genotypic variation in relation to the main flood effect, it is necessary to separate 

genotype responses by flood treatment.  Differences in genotypic response to flood 

treatment resulted in significance in the interaction term.  Primary root dry weight 

genotype x flood interaction was significant for the 35 DAS and 49 DAS sampling dates 

(2.4).  2.5 presents the performance of each genotype under all flood treatments in 

relation to a base value for 91210-350.  Genotype 91209-143 had significantly greater 

primary root dry weight in the non-flooded treatment, however in general primary root 

dry weight of the germplasm tested was not significantly different from 91210-350 under 

flooded conditions. 
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Table 2-5  Genotype comparisons for significant dry weight genotype x flood interaction terms.  Values are differences between 
genotype and 91210-350. 

Primary Root 35 DAS Primary Root 49 DAS

non-flooded 2 week 4 week non-flooded 2 week 4 week

mg plant-1

Genotype

Tolerant§

91210-316 88 ns -140 * -3 ns 204 ns -36 ns 1 ns

91209-126 50 ns -55 ns 23 ns -49 ns 88 ns -8 ns

91209-151 -23 ns -73 ns 15 ns 195 ns -38 ns -55 ns

91209-142 5 ns -85 ns -63 ns 121 ns 101 ns -19 ns

Sensitive

91209-220 -33 ns 35 ns 25 ns 12 ns 29 ns -84 ns

91209-119 143 * 88 ns -63 ns -16 ns 88 ns 71 ns

91209-269 -30 ns -38 ns -45 ns 212 ns 59 ns -24 ns

91209-297 43 ns -58 ns -8 ns -4 ns -51 ns -204 ns

91209-143 205 ** 33 ns 35 ns 360 ** 135 ns -39 ns

Control

Hinson -18 ns 30 ns 18 ns -251 * 59 ns -68 ns

91210-350† 215 303 265 789 286 341

*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.

†Genotype 91210-350 has been identified as the "most tolerant" genotype (Cornelious, 2003).

§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).  
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Expressed as the ratio of primary root dry weight to total plant dry weight, 

differences in partitioning of dry matter to primary roots due to flooding was not 

significant (2.4).  A steady decline, however, in the fraction of total biomass allocated to 

roots was witnessed across sampling dates.  As with dry weight, dry matter partitioning to 

roots was significantly different among genotypes at 35 and 49 DAS.  However, 

partitioning was relatively constant ranging from 0.124 to 0.155 among all genotypes.  

The genotype x flood interaction term was significant at 49 days after sowing.  Genotype 

91209-151 had a significantly greater allocation of biomass to primary roots than 

genotype 91210-350 in the non-flooded treatment (+.039) and significantly lower fraction 

allocated for the 4-week flood treatment (-.067) (2.6).  Genotype 91210-350 was notable 

for its high partitioning to roots under the 4-week flood treatment. 

Relative dry weight measured at 49 days after sowing for Experiment 1 showed no 

significant difference between the 2 and 4-week flood treatments (2.4).  Significant 

genotype differences were noted (2.4). No significant interaction existed between 

genotype and flood effects.   

The range in relative dry weights of primary roots demonstrates a strong genotypic 

variation in ability to continue primary root growth under flooded conditions, with the 

highest fraction maintenance for Hinson at 0.73 and the lowest for 91209-151 at 0.27.  It 

is important to note that accumulation of primary root biomass was reduced for all 

genotypes under flooded relative to non-flooded treatments, this is again consistent with 

the findings of Pires et al. (2002) and Sallam and Scott (1987). 
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Table 2-6  Genotype comparisons for significant dry matter partitioning genotype x flood 
interaction terms.  Values are differences between genotype and 91210-350. 

 

Primary Root Dry Matter Partitioning‡ 49 DAS

Non-flooded 2 week 4 week

Genotype

Tolerant§

91210-316 0.015 ns -0.019 ns -0.043 *

91209-126 0.012 ns -0.007 ns -0.042 *

91209-151 0.040 * -0.002 ns -0.067 **

91209-142 0.033 ns -0.010 ns -0.049 **

Sensitive

91209-220 0.014 ns 0.005 ns -0.018 ns

91209-119 0.065 ** 0.003 ns -0.021 ns

91209-269 0.003 ns 0.029 ns -0.014 ns

91209-297 0.028 ns 0.022 ns -0.083 ns

91209-143 0.037 * 0.003 ns 0.062 ns

Control

Hinson 0.020 ns -0.014 ns -0.039 *

91210-350† 0.139 0.115 0.165

*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.

‡Dry matter partitioning is defined as tap root dry weight / total plant dry weight. 

†Genotype 91210-350 has been identified as the "most tolerant" genotype (Cornelious, 2003).

§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).
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Primary Root Length, Average Diameter, Surface Area, and Volume 

Morphological characteristics of the primary roots followed the same pattern as root dry 

weight.  Plants in non-flooded treatments had significantly greater primary root length, 

average diameter, surface area, and volume than flooded plants (2.7).  No significant 

differences were observed between genotypes, nor were any interaction terms significant.  

Sallam and Scott (1987) describe the relationship between primary root area, extension 

and dry weight as linear, while recording a noted decrease in the addition of root length 

and area with the imposition of flood treatments.  The linear nature of this relationship 

implies that the same factors working to suppress dry weight accumulation are inhibiting 

primary root extension and area.  As with root dry weight, reduction in assimilates 

directed to flooded roots (Trought and Drew, 1980) and dieback of primary roots 

(Vartapetian and Jackson, 1997; Jackson and Ricard, 2003) serve to limit additional 

growth.   

Adventitious Root Dry Weight and Dry Matter Partitioning 

As the primary rhizosphere morphological response to flooding in soybean, adventitious 

root development is of particular interest in evaluating potentially tolerant genotypes.  

Since adventitious roots developed only on flooded samples, analyses for these samples 

were limited to dry weight, partitioning percentage, and root morphology.   

Adventitious root dry weight was significantly affected by flood duration at 35 and 

49 days after sowing (2.8), with the 4-week flood treatment biomass being greater than 

the 2-week flood treatment.  Plants in both flood treatments continued to add biomass to 

the adventitious roots between 35 and 49 days after sowing, but statistical trends were 

maintained.  Significant differences among genotypes developed only at the 
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Table 2-7  Primary root length, average diameter, surface area, and volume 49 days after 
sowing. 

 

49 DAS sampling date, and the genotype x flood interaction was also significant at this 

date (2.8).  Analysis of the significant interaction term revealed five genotypes with 

significantly greater adventitious root weight than 91210-350 after 4 weeks of flooding.  

Genotype 91209-151 produced 98 mg plant  more adventitious roots than 91210-350 

(2.9).  Significant increases in adventitious root development are cited as a key 

morphological response to flooding in soybeans (Pires et al., 2002; Sallam and Scott, 

1987, Bacanamwo and Purcell, 1999a).  It should be noted that adventitious root biomass 

Length Avg. Diameter Surface Area Volume
cm plant-1 mm plant-1 cm2 plant-1 cm3 plant-1

Flood
2 Week 1115 b† 0.266 b 83 b 0.498 b
4 Week 918 b 0.305 b 81 b 0.579 b
Non-flooded 1917 a 0.494 a 168 a 1.210 a
LSD 0.05 251 0.057 20 0.138
Significance ** ** ** **

Genotype
Tolerant§
91210-350 1127 0.337 99 0.713
91210-316 1570 0.486 137 0.965
91209-126 1418 0.360 119 0.803
91209-151 1291 0.352 108 0.736
91209-142 1304 0.373 111 0.768
Sensitive
91209-220 1206 0.305 100 0.668
91209-119 1337 0.297 108 0.721
91209-269 1446 0.345 117 0.779
91209-297 1089 0.353 96 0.698
91209-143 1444 0.391 129 0.932
Control
Hinson 1158 0.299 91 0.587
LSD 0.05 481 0.109 38 0.256
Significance ns ns ns ns

Flood x Genotype 
Significance ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).

-1
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(generally associated with flooding) continued to increase in the 2-week treatment after 

the removal of flood treatments.  This demonstrated that adventitious roots might have 

assumed responsibility for primary root function in flooded plants; this is consistent wit

the role defined for adventitious roots by Jackson and Drew (1984).  

Adventitious root dry weight partitioning was significantly diffe

h 

rent between flood 

treatm

ge Diameter, Surface Area, and Volume 

e 

signif otal 

t 

gation 

ents at 49 days after sowing (2.8).  As with dry weight, the 4-week flood treatment 

had a greater fraction of total biomass allocated to adventitious roots than did the 2-week 

treatment.  Significant genotype differences appeared at 35 days after sowing and 

continued at 49 day after sowing.  

Adventitious Root Length, Avera

Adventitious root length, average diameter, surface area, and volume wer

icantly greater in the 4-week compared to 2-week flood treatments (2.10).  T

elongation was more than double (1235 cm) for the 4-week versus the 2-week treatmen

(603 cm).  Greater continued elongation of adventitious roots in the 4-week flooded 

treatment may indicate a continuing dependence of plants in this treatment on 

adventitious roots for plant aeration.  Conversely, slower adventitious root elon
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Table 2-8  Adventitious root dry weights and dry matter partitioning. 

 

Days After Sowing
35 49

Dry Weight Partitioning‡ Dry Weight Partitioning
mg plant-1 mg plant-1

Flood
2 Week 18 b† 0.012 73 b 0.026 b
4 Week 26 a 0.019 94 a 0.038 a
Non-flooded - - - -
LSD 0.05 7 0.004 13 0.003
Significance ** ns ** ***

Genotype
Tolerant§
91210-350§ 13 0.005 b 32 cd 0.014 d
91210-316 14 0.010 ab 65 ab 0.024 ab
91209-126 19 0.013 ab 69 ab 0.022 ab
91209-151 9 0.006 b 68 ab 0.027 a
91209-142 12 0.011 ab 74 a 0.021 bc
Sensitive
91209-220 16 0.009 ab 52 abc 0.022 ab
91209-119 14 0.012 ab 72 ab 0.024 ab
91209-269 12 0.013 ab 49 bc 0.022 ab
91209-297 15 0.011 ab 19 d 0.015 cd
91209-143 22 0.014 a 53 abc 0.020 bcd
Control
Hinson 14 0.008 ab 59 ab 0.022 ab
LSD 0.05 14 0.008 25 0.006
Significance ns * ** **

Flood x Genotype 
Significance ns ns ** ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Dry matter partitioning is defined as adventitious root dry weight / total plant dry weight.
§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).
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Table 2-9  Genotype comparisons for significant adventitious root dry weight genotype x 
flood  interaction term.  Values are differences between genotype and 91210-
350. 

 

Adventitious Root 49 DAS

2 week 4 week

Genotype mg plant -1

Tolerant§

91210-316 16 ns 84 **

91209-126 56 * 54 *

91209-151 10 ns 98 ***

91209-142 45 * 83 **

Sensitive

91209-220 33 ns 23 ns

91209-119 38 ns 83 **

91209-269 19 ns 33 ns

91209-297 -16 ns -23 ns

91209-143 39 ns 22 ns

Control

Hinson 18 ns 62 **

91210-350† 49 46

*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.

†91210-350 has been identified as the "most tolerant" variety (Cornelious, 2003).
§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).
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Table 2-10  Adventitious root length, average diameter, surface area, and volume 49 days 
after sowing. 

Length Average Diameter Surface Area Volume
cm plant-1 mm plant-1 cm2 plant-1 cm3 plant-1

Flood
2 Week 603 b† 0.213 b 40.3 b 0.216 b
4 Week 1235 a 0.282 a 87.3 a 0.499 a
Non-flooded - - - -
LSD 0.05 245 0.038 18.8 0.123
Significance * * * *

Genotype
Tolerant§
91210-350 868 0.247 64.1 0.394
91210-316 1100 0.297 83.6 0.512
91209-126 899 0.220 62.0 0.343
91209-151 1007 0.242 67.8 0.366
91209-142 938 0.234 69.7 0.422
Sensitive
91209-220 660 0.220 46.7 0.265
91209-119 1478 0.301 94.0 0.478
91209-269 920 0.246 64.7 0.368
91209-297 371 0.209 24.3 0.127
91209-143 765 0.245 51.6 0.278
Control
Hinson 1103 0.262 72.8 0.387
LSD 0.05 574 0.089 44.1 0.288
Significance ns ns ns ns

Flood x Genotype 
Significance ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).  

post-flood in the 2-week flooded treatment suggests that sufficient primary root function 

remains after 2 weeks of flooding to support plant growth once reallocation of 

photosynthate to primary root development is initiated.  Genotypic differences were not 

significant, nor were the genotype x flood interactions. 

Nodule Dry Weights and Dry Matter Partitioning 

Nodule dry weights at 35 days after sowing were significantly different, with non-

flooded soybeans accumulating three times the biomass of 2- and 4-week flooded 

treatments (2.11).  At 49 DAS, the 4-week flood treatment had significantly lower nodule 
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biomass (65 mg plant-1) than the 2-week flood (147 mg plant-1), which was significantly 

less than the non-flooded control (235 mg plant-1).  Genotype effects on nodule weights 

were significant at 35 and 49 DAS (2.11).  The interaction term between genotype and 

flood was not significant.  The effect of 14 days of flooding on nodulation in our 

experiment is consistent with the findings of Sallam and Scott (1987), including the 

increase in nodule dry weight of the 2-week flood treatment after the removal of 

flooding.  Bennett and Albrecht (1984) suggested that soybean plants retain the ability to 

recuperate nodule function when aerobic conditions are restored, a conclusion supported 

by the findings of this study.  Prolonged flood duration resulting in decreased nodulation 

is also consistent with other research findings (Sprent, 1972; Sung, 1993).  Sallam and 

Scott (1987) found that nodule function in plants flooded at the V4 growth stage returned 

to normal levels, however, the same study revealed that nodules of plants with flood 

imposed at the V1 growth stage never recovered function.    

The effect of flood on partitioning to nodules was significant only at the 35 DAS 

sampling date (2.11).  At that date, the non-flooded treatment had significantly greater 

dry matter partitioning to nodules compared with flooded treatments.  Genotype effects 

were significant at 35 and 49 days after sowing (2.11)  This included a significant 

interaction effect at 35 DAS (2.11).   

Correlations of morphological characters to flood tolerance 

Significant Spearman’s rank correlation coefficients for flood tolerance (as defined in this 

study) and primary root dry weight at 49 days after sowing (2.12) underscore the  
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Table 2-11  Nodule dry weight and dry matter partitioning.
Days After Sowing

35 49
Dry Weight Partitioning‡ Dry Weight Partitioning
mg plant-1 mg plant-1

Flood
2 Week 12 b† 0.009 b 147 b 0.046
4 Week 13 b 0.010 b 65 c 0.025
Non-flooded 41 a 0.026 a 235 a 0.041
LSD 0.05 13 0.006 43 0.006
Significance * * * ns

Genotype
Tolerant§
91210-350 16 cd 0.010 c 138 bd 0.035 c
91210-316 35 abc 0.023 ab 206 ab 0.052 ab
91209-126 41 ab 0.029 a 213 ab 0.053 ab
91209-151 26 bcd 0.026 ab 186 ab 0.049 ab
91209-142 21 bcd 0.015 bc 247 a 0.058 a
Sensitive
91209-220 15 cd 0.011 c 136 bcd 0.037 c
91209-119 7 d 0.006 c 142 bc 0.038 c
91209-269 8 d 0.008 c 59 de 0.022 d
91209-297 9 d 0.007 c 71 cde 0.019 d
91209-143 56 a 0.026 ab 191 ab 0.042 bc
Control
Hinson 6 d 0.004 c 46 e 0.013 d
LSD 0.05 24 0.012 81 0.011
Significance ** *** *** ***

Flood x Genotype 
Significance ns * ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Dry matter partitioning is defined as nodule dry weight / total plant dry weight.
§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).
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Table 2-12  Spearman’s rank correlation coefficients for selected rhizosphere plant 
components under flooded conditions as correlated to tolerance rank. 

 

importance of continued root development in maintaining plant integrity under flooded 

conditions.  The dieback of the primary rooting system and replacement of function by 

adventitious roots is cited as a central response of soybeans to flooding (Bacanamwo and 

Purcell, 1999a; Pires et al., 2002).  Root damage due to hypoxia may also lead to 

insufficient transfer of water, inorganic minerals, and hormones resulting in shoot 

damage (Vartapetian and Jackson, 1997; Jackson and Ricard, 2003).  Maintaining 

primary root function is clearly essential to continued plant growth.  Plant flood tolerance 

was likewise strongly correlated to primary root length and correlated to primary root 

surface area (2.12).  The findings of this study in describing significant correlations 

between primary root length, surface area, dry weight and tolerance are unique in their 

attempt to relate measured root parameters to a quantitative analysis of plant 

performance. The relationships between primary root length, surface area and dry weight 

are consistent with the findings of Sallam and Scott (1987).  The consistency of the 

correlations between these growth parameters and early-season flood tolerance supports 

Tolerance
Root parameter Spearman's Rank Correlation Coefficient
Primary root dry weight 49 DAS 0.618 *
Primary root length 0.818 **
Primary root area 0.727 *
Primary root surface area 0.727 *
Primary root diameter 0.218 ns
Primary root volume 0.418 ns
Primary root partitioning 49 DAS -0.155 ns
Adventitious root dry weight 49 DAS 0.645 *
Adventitious root length 0.500 ns
Adventitious root area 0.418 ns
Adventitious root surface area 0.418 ns
Adventitous root diameter 0.155 ns
Adventitous root volume 0.255 ns
Nodule dry weight 0.391 ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively
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the hypothesis that maintenance of primary root extension and accumulation of root 

biomass may serve as an indicator of soybean flood tolerance.  

The Spearman’s rank correlation coefficient analysis showed a positive correlation 

betwe

t 

 in 

alysis 

e 

 

ts is not 

en adventitious root dry weight and flood tolerance at 49 days after sowing (2.12), 

however correlations between flood tolerance and adventitious root length and surface 

area at the same sample date were not significant.  The positive correlation between 

adventitious root dry weight and tolerance is also consistent with the concept that roo

function under flooded conditions in enhanced by the aeration provided by aerenchyma

adventitious roots (Jackson and Drew, 1984).  Lee et al. (2003) stated that forced early 

development of adventitious roots in soybean served to significantly mitigate crop 

susceptibility to waterlogging.  This study is unique in that it provides a detailed an

of adventitious root development in flooded soybeans.  This analysis has led to two 

unanticipated results.  The lack of significant correlation between adventitious root 

length, average diameter, surface area, or volume and tolerance is contradictory to th

concept that adventitious roots provide a necessary means of adaptation to flood stress,

assuming that increased adventitious root development leads to increased root aeration.  

The significant correlation between adventitious root dry weight and tolerance and lack 

of correlation between length and tolerance may be an indication that the linear 

relationship between root length, area, and dry weight that exists for primary roo

present with adventitious roots. Figures 2.2 and 2.3 chart this relationship across  
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Adventitious root length x dry weight
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Figure 2-2  Graph showing lack of linear fit in the relationship between adventitious root 
length and dry weight.  
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Figure 2-3  Graph showing lack of linear fit in the relationship between adventitious root 
surface area and dry weight. 
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genotypes and flood treatments.  This may point to a greater relative importance in 

adaptation to flooding associated with adventitious root dry weight than length, surface 

area, average diameter, or volume.   

Contrast Between Flood Tolerance Groups 

In order to better judge the performance of flood tolerance groups in relation to 

their original flood tolerance rankings (Cornelious, 2003), group means were compared 

across 2- and 4-week flood treatments.  Prior to the imposition of flood treatments no 

significant differences were noted between flood tolerance groups (Tables 2.13 and 2.14).  

Strong early growth in the primary roots of flood tolerant genotypes led to significantly 

greater accumulation of root biomass by the 35 DAS sampling date (2.13).  The 

difference was not significant, however, by the 49 DAS sampling date.  Adventitious root 

and nodule development both showed significantly greater accumulation of dry matter in 

the sensitive group than in the tolerant group by the 49 DAS sampling date (2.13).  

Noting the significant correlations between primary root dry matter accumulation, 

adventitious root dry matter accumulation, and early season tolerance, (2.12) this is 

further evidence that in this study the “sensitive” genotypes as defined by Cornelious 

(2003) proved to have a greater resistance to flooding than those previously defined as 

“tolerant.” 

Conclusions 

The existence of significant correlations between rhizosphere morphology and 

flood tolerance as defined in this study substantiates the assertion that morphological 

adaptations may serve as an indicator of flood tolerance.  The strength and consistency of 

correlations between primary root dry weight, length, surface area and tolerance support 

the conclusion that the measure most worth pursuing in prediction of tolerance is 
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Table 2-13  Rhizosphere dry weight contrast for flood “tolerant” vs. “sensitive” 
genotypes as defined by Cornelious (2003). 

 

Table 2-14  Primary and adventitious root length, surface area, diameter, and volume, 
d 

continued p  and primary root biomass accumulation.  However, as 

 

 

 the possibility of using these significant correlations 

betwe

ted 

Days After Sowing
21 35 49

mg
Dry weight:
Primary root -6 †ns -193 * 1 ns
Adv. root - -18 ns 95 **
Nodule - 18 ns 266 *
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
† Negative values denote a greater mean value for "tolerant" treatments.

contrast value for flood “tolerant” vs. flood “sensitive “ genotypes as define
by Cornelious (2003). 

rimary root elongation

49 Days After Sowing
Length Surface area Diameter Volume

cm cm2 mm cm3

Primary root: -122.1 † ns 12.4 ns 0.031 ns 0.192 ns
Adv. root: 617.7 ns 66.1 ns 0.019 ns 0.519 ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
† Negative values denote a greater mean value for "tolerant" treatments.
 

highlighted in Chapter 3, the fact that tolerance rankings based on dry weights at 49 DAS 

did not correspond with rankings based on yield and visual flood injury as outlined in 

Cornelious (2003) limit the application of this methodology.  It is impossible to discern

whether these differences in rank arise from differences in response between plants 

flooded at the V2 growth stage versus those flooded at the R2 stage, or from climatic

differences between experiments. 

In order to better understand

en morphological traits and flood tolerance as early season indicators of flood 

tolerant genotypes, it will be necessary to further investigate the response of the selec

genotypes to flooding at the V2 growth stage.  Rankings, similar to those presented in 

Cornelious (2003), but based on flood imposition at the V2 rather than R2 growth stage 
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would allow for extrapolation of early season morphological data to year end grain yield.

Based on the strength of multiple significant correlations, there is reason to believe that 

links between grain yield and early season morphological response can be established, 

greatly reducing the time need to identify potentially tolerant genotypes.      

  

 



 

CHAPTER 3 
THE EFFECT OF EARLY-SEASON FLOODING AND GENOTYPE ON SOYBEAN 
(GLYCINE MAX L. MERRILL) ABOVEGROUND GROWTH AND TOTAL PLANT 

BIOMASS 

Review of Literature 

Identification of Tolerance to Flood Stress 

An overall decrease in soybean shoot growth under flooded conditions results from 

the inability of the root system to maintain normal function in relation to the transport of 

water, nutrients, hormones, and assimilates (Jackson and Drew, 1984).  The first 

symptom to appear in shoots is a wilting of the leaves based on increased resistance to 

water flow through the root (Kramer, 1951).  Some dispute as to the origin of reduced 

leaf expansion remains (Jackson and Drew, 1984).  However, there is solid evidence that 

extended periods of root anoxia will result in a decline in leaf area accumulation.  Sojka 

et al. (1975) reported a reduction of greater than seventy percent in leaf area of wheat 

after twenty-five days of root flooding as compared to non-flooded controls.  Prolonged 

flooding will eventually lead to epinasty, leaf chlorosis, and plant death (Kramer and 

Boyer, 1995).   

Net CO2 assimilation per unit of leaf area is depressed with root waterlogging 

(Trought and Drew, 1980) primarily due to stomatal closure reducing Rubisco production 

(Jackson and Drew, 1984).  Decreases in assimilation will eventually also reduce dry 

weight accumulation (Trought and Drew 1980; Sojka et al., 1975).  This may, however, 

be preceeded by a period of increased accumulation of assimilates in leaves resulting 

from decreased export of photosynthate to the roots (Jackson and Drew, 1984). 

42 
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Coinciding with the extension of adventitious roots from the hypocotyl, 

hypertrophy, the swelling of the stem base or hypocotyl, is another common response to 

flooding.  Resulting from a swelling of cells in the cortex, hypertrophy is often 

accompanied by a collapse of cells to form gas filled spaces (Kawase, 1981).   

The effects of waterlogging on soybean shoot growth and aboveground biomass 

accumulation are substantial and generally negative.  Linkemer et al. (1998) reported a 

significant decline in pod number, pods per node, branch number, and seed size after 7 

days of flooding at various vegetative and reproductive growth stages.  Oosterhuis et al. 

(1990) confirmed an overall reduction in dry weight production in soybean.  Seven days 

of flood created a 14-day lag in biomass accumulation at the V4 growth stage, and a 

greater than 14 day lag at the R2 stage.  Both studies added, however, that biomass 

accumulation returned to a similar rate with the control 7 days after removal of the flood 

treatment.  Reduction in pod number was confirmed by Sullivan et al. (2001).  They also 

reported a reduction in height for 3, 5, and 7-day floods at early vegetative growth stages.  

Flooding reduced leaf number (Sallam and Scott, 1987), and prolonged effects on canopy 

height and reduced dry weight were still noticeable at maturity (Scott et al., 1989).           

Yield reductions in soybean ranged from 20-93% for 2 and 6-day floods 

respectively (Sullivan et al., 2001).  Singh and Singh (1995), Oosterhuis et al. (1990), and 

Scott et al. (1989) all reported yield reductions for all flooded treatments ranging in 

duration from 24 hours to 14 days.  Decreases in yield can be attributed to reduced pod 

growth, seed size, and number of seeds per pod (Linkemer et al., 1998) brought about by 

nitrogen stress and reduced photosynthesis (Oosterhuis et al., 1990).  
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Stem hypertrophy is an adaptation to flooding that has been reported to serve as a 

primary pathway for conducting atmospheric air needed for adequate root aeration 

(Shimamura et al., 2003).  Changes in stem diameter have also been shown to closely 

correlate to flood tolerance in soybean (Pires et al., 2002).  As such it is likely that the 

relationship between stem development and flooding tolerance may be useful in selecting 

flood tolerant soybean genotypes.  Similarly, the generic responses in plant leaf growth 

attributed to flooding including: wilting (Kramer, 1951), reduction in leaf area 

accumulation (Sojka et al., 1975) and leaf chlorosis (Kramer and Boyer, 1995), have been 

confirmed for soybean by Sallam and Scott (1987) who reported a reduction in leaf 

number after 7 days of flooding, and Bacanamwo and Purcell (1999a) who observed a 

general reduction in leaf area for all treatments and genotypes as compared to controls.  

The consistency of these results highlights the potential value of leaf measures in 

assessing flood tolerance.         

The ultimate factor for judgment of plant tolerance to flooding is the yield of high-

quality marketable seeds (Van Toai et al., 1994; Roiselle and Hamblin, 1981).  Within 

this definition varying methods have been used to establish tolerance rankings. Van Toai 

et al. (1994) rated the tolerance of 84 tested varieties by ranking total yield under flooded 

conditions and comparing these to corresponding rankings under non-flooded conditions.  

Roiselle and Hamblin (1981) promoted the use of a comparative yield analysis taking the 

average of flooded and non-flooded yields.  This selects genotypes broadly adapted to 

both stress and non-stress conditions.  Van Toai and Nurijani (1996) identified tolerant 

genotypes by taking the average seed yield and average SPAD leaf greenness reading of 

flooded plants and dividing these values by the values for the non-flooded control.  The 
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resulting ratio demonstrated the ability of plants to maintain growth under flooded 

conditions. Bacanamwo and Purcell (1999a, 1999b) took a different approach in 

determining tolerance; emphasizing the necessity of morphological adaptations for 

avoidance of flooding injury, they suggested that selecting varieties for morphological 

adaptations to flooding may be the best way to select for flooding tolerance. 

Rationale and Objectives 

Identification of soybean flood tolerance in the vegetative stage could greatly 

reduce the time frame required to identify potentially flood tolerant varieties for breeding 

purposes.  In addition insight may be gained as to the relationship between early and late 

season morphological responses to flooding.  Comparing early-season flood adaptations,  

with late-season flood tolerance (3.1; Cornelious, 2003) may provide a link between 

early-season morphological flood responses and end of season tolerance.  The objectives 

of this study were 1) to monitor changes in soybean stem and leaf growth in response to 

early-season flooding, 2) compare early-season morphological adaptations to early-

season flood tolerance, and 3) determine the relationship between early-season and late-

season flood tolerance 

Materials and Methods 

Detailed general materials and methods can be found in Chapter 2.  Included here is 

the development of methods specific to aboveground growth and total plant biomass. 
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Table 3-1  Genotype yield reduction and flood injury score† for most tolerant and most 
sensitive Arkansas RIL’s.  

Most tolerant† Most sensitive
Genotype Yield reduction Injury Genotype Yield reduction Injury

% 0-9 % 0-9
91210-350 32.2 2.8 91209-220 67.9 5.8
91210-316 33.0 3.0 91209-119 65.2 6.2
91209-126 37.2 3.7 91209-269 63.6 5.9
91209-151 43.1 4.0 91209-297 69.8 6.4
91209-142 49.1 4.0 91209-143 69.8 6.4
† Cornelious (2003)
 
Leaf Area and Plant Height 

Determination of total leaf area per plant was established as described by 

Wiseman and Bailey (1975).  Thirty trifoliolate leaves from each of the eleven genotypes 

to be studied were removed from plants in a pre-trial run.  A range of trifoliolate leaf 

sizes (small, medium, large) was taken from both flooded and non-flooded plants.  The 

length and maximum width of the center leaflet of each trifoliolate was measured 

manually.  Each of the three trifoliolate leaflets was passed through a LI-3000 portable 

leaf area meter (LI-COR Inc., Lincoln, NE) and actual total leaf area for the trifoliolate 

leaf was recorded.  A linear regression equation was developed that expressed leaf area as 

a function of the product of the length and width of the center leaflet.  Genotype specific 

regression equations for each of the eleven genotypes had an R2 value > 0.92 (3.2) and 

these equations were used to predict leaf area based on length x width measurements of 

individual trifoliolate leaves.  Leaf area measurements were taken from two 

predetermined plants in each sub-plot at 3.5 and 7-day intervals for Experiments 1 and 2, 

respectively.  Incremental leaf area expansion is defined as the addition of leaf area 

between day “x” and day “y”, where the value used for analysis is (value day y – value 

day x).  
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Plant height was measured twice weekly from the soil surface to the uppermost 

growth point of the stem.  Three measurements were taken from each sub-plot across all  

Table 3-2  Regression equations and R2 values for leaf area by genotype used to 
determine non-destructive leaf area values. 

 
ain-plots and replicates.  The average of individual plant heights was used to represent 

plot height for statistical analysis.  The same three plants were measured at each sampling 

date.  

Statistical Analysis 

Analyses of variance were performed for all experimental measurements using proc 

GLM in SAS  (Littell et al., 2002).  Data was analyzed using a factorial experiment with 

a split-plot design with flood regimes being the main plot treatments and genotypes the 

sub-plots.  Significant differences among cultivars and flood treatments were determined 

using Fisher’s protected LSD test (P<0.05).  Further analysis of significant interaction 

terms was performed using the proc GLM ‘Estimate’ statement in SAS  using the flood x 

genotype means for genotype 91210-350 as the comparative base.  Genotype 91210-350 

was chosen for comparison as it was reported to be the genotype “most tolerant” to 

Genotype Regression Equation‡ R2

Tolerant†
91210-350 y = 1.70x + 2.13 0.976
91210-316 y = 1.99x - 0.135 0.977
91209-126 y = 1.80x + 1.29 0.921
91209-151 y = 1.81x + 1.39 0.968
91209-142 y = 1.81x + 1.09 0.932
Sensitive
91209-220 y = 1.83x + 1.80 0.977
91209-119 y = 1.74x + 2.94 0.959
91209-269 y = 1.92x + 2.31 0.922
91209-297 y = 2.03x - 0.811 0.982
91209-143 y = 2.12x - 0.222 0.985
Control
Hinson y = 1.66x + 4.36 0.951
†Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).
‡ y=trifioliolate area, x=length x width of center leaflet.

m

®

®

 



48 

 

flooding in the Arkansas trials (Cornelious, 2003).  The proc GLM ‘Estimate’ statement 

was also used to contrast group response to flooding.  The mean value for all “tolerant” 

genotypes as defined by Cornelious (2003) across the 2- and 4-week flood treatments was 

contrasted against the mean value for all “sensitive” genotypes.  Additionally proc CORR 

in SAS® was used to calculate Spearman’s rank correlation coefficient to determine 

significant correlations between morphological measurements and tolerance rankings.  

Each morphological measure was ranked, based on numerical values and then correlated 

to numerical tolerance rankings based on whole plant dry weights.  For the purposes of 

this study, flood tolerance was defined as the mean total plant dry weight of flooded 

treatments divided by the total plant dry weight of the non-flooded treatment (plant dry 

weight flood / plant dry weight non-flood). 

Results and Discussion 

While results from Experiments 1 and 2 indicate consistent patterns of adaptation 

to flooding for aerial components of soybean, in relation to stem dry matter 

accumulation, partitioning, and plant height; as stated in Chapter 2, repeated rainfall 

events interfered with flooding treatments in Experiment 2.  The inability to establish an 

effective control makes the presentation of this data inconsistent.  Thus all Experiment 2 

data can be found in Appendix A  The consistency between quantifiable effects of 

flooding on aerial components in Experiments 1 and 2 may indicate that aerial plant 

growth parameters are more highly sensitive to the effects of imposed flooding than 

rhizosphere components.   

Stem Dry Weight, Dry Matter Partitioning, and Height 

Flooding did not cause significant differences in stem dry weight at the 35 DAS 

sampling date.  However, stem dry weight in the non-flooded treatment was significantly 
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Table 3-3  Stem dry weight and dry matter partitioning (Experiment 1). 
Days After Sowing

21 35 49
Dry Weight  Partitioning‡ Dry Weight  Partitioning Dry Weight  Partitioning
mg plant-1 mg plant-1 mg plant-1

Flood
2 Week 167 0.255 448 0.323 b 1006 b 0.385 b
4 Week 162 0.249 502 0.343 a 980 b 0.431 a
Non-flooded 165 0.247 390 0.291 c 1770 a 0.345 c
LSD 0.05 17 0.012 69 0.0 21 0.0
Significance ns ns ns ** * **

Genotype
Tolerant§
91210-350 243 a 0.275 a 590 a 0.367 a 1380 ab 0.427 ab
91210-316 125 e 0.235 d 414 bc 0.302 c 1460 ab 0.366 def
91209-126 160 d 0.236 d 406 bc 0.300 c 1360 ab 0.360 ef
91209-151 126 e 0.247 bcd 376 bc 0.320 bc 1330 abc 0.389 cd
91209-142 143 de 0.251 bcd 393 bc 0.344 ab 1540 a 0.381 cde
Sensitive
91209-220 195 bc 0.256 abcd 448 c 0.300 c 1170 abcd 0.375 def
91209-119 140 de† 0.234 d 458 abc 0.314 bc 1280 abcd 0.379 de
91209-269 158 de 0.261 abc 340 c 0.305 c 906 d 0.354 f
91209-297 165 cd 0.265 ab 408 bc 0.325 bc 937 cd 0.432 a
91209-143 212 ab 0.251 bcd 588 a 0.321 bc 1510 ab 0.386 cd
Control
Hinson 145 de 0.290 cd 497 ab 0.310 c 1114 bcd 0.405 bc
LSD 0.05 32 0.023 133 0.031 400 0.031
Significance *** ** ** ** * ***

Flood x Genotype 
Significance ns ns ns ns ns **
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡ Dry matter partitioning is defined as stem dry weight / total plant dry weight. 
§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).  
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greater than either the 2 or 4-week flood treatment at 49 DAS (3.3).  Significant 

differences among genotypes were noted at all sampling dates.  There was no significant 

flood x genotype interaction on stem dry weight at any sampling date.   

The observed pattern in stem dry weight accumulation was consistent with other plant 

components.  Little effect on the overall growth of the plant was recorded at 14 days after 

flooding.  This may be attributed to the natural delay in plant growth (Hanway and 

Weber, 1971; Sun-Guang et al., 1996) with the flooding treatment resulting in a delay in 

the rapid growth phase beyond 35 DAS.  While measurements of stem dry weight at 35 

DAS were not significantly different, it is apparent that damage to the soybean plant has 

occurred during these first 14 days of flooding. This is indicated by the continued slow 

biomass accumulation of plants under the 2-week flood treatment after the removal of the 

flood.  Dry weight for non-flood and 2-week flood treatments was not significantly 

different at the time of removal of the 2-week flood treatment (3.3).  Yet, 14 days later at 

the 49 DAS sampling date, non-flood plants had a significantly greater stem dry weight 

than 2-week flooded plants.  Genotype 91210-350 had consistently high stem weights 

(3.3).  

The amount of dry weight partitioned to the stem was significantly different 

between flood treatments at 35 and 49 DAS (3.3).  A significant difference among 

genotypes was noted in stem partitioning at all sampling dates (3.3).  Significant 

interactions between flood and genotype occurred at the 49 DAS sampling date (3.3).  

Further analyses of the interaction terms show 91210-350 consistently partitioned more 

of its total biomass to the stem compared to other genotypes (3.4).  With the prolonging 

of the flood treatments this trend became more pronounced.   
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Table 3-4  Genotype comparison for all significant dry matter partitioning flood x 

genotype interaction terms.  Values represent difference between genotype and 91210-

350. 

Dry Matter Partitioning‡ 

Stem 49 DAS

non-flooded 2 week 4 week

Genotype

Tolerant§

91210-316 -0.019 ns -0.059 ** -0.107 ***

91209-126 -0.032 ns -0.067 ** -0.104 ***

91209-151 -0.038 ns -0.049 * -0.028 ns

91209-142 -0.018 ns -0.046 * -0.076 **

Sensitive

91209-220 -0.051 * -0.047 * -0.061 **

91209-119 -0.031 ns -0.042 ns -0.075 **

91209-269 -0.062 ** -0.063 ** -0.096 ***

91209-297 -0.043 * 0.022 ns -0.032 ns

91209-143 -0.029 ns -0.063 ** -0.033 ns

Control

Hinson -0.032 ns -0.012 ns -0.016 ns

91210-350† 0.377 0.424 0.482

*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.

† Genotype 91210-350 was identified as the "most tolerant" genotype (Cornelious, 2003).

‡ Dry matter partitioning is defined as plant part dry weight / total plant dry weight. 

§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003). 
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Significant differences in plant height between flood treatments occurred only at 25 

and 28 DAS (Tables 3.5).  Significant differences among genotypes were noted almost 

uniformly across experiments with the only exception occurring at 36 DAS (3.5).  There 

was no significant interaction between flood and genotype effects at any sampling date  

Significantly lower soybean plant heights at harvest as a result of flooding have 

been reported by: Sallam and Scott (1987), Scott et al. (1989), and Linkemer et al. 

(1998). Pires et al. (2002) on the other hand did not find any significant difference in 

plant height after 21 days of flooding initiated at the V2 growth stage.  The consistency 

of our findings with that of Pires et al. (2002) can most likely be attributed to similarities 

between the two studies in relation to plant growth stage at the time of flood imposition 

(V2) and final plant harvest before maturity.   Significant differences in plant height were 

reported at final harvest (Linkemer et al., 1998; Sallam and Scott, 1987; Scott et al., 

1989) implying that flood initiation at an early growth stage had a lasting effect on stem 

elongation.  Early sampling for morphological changes in our experiment may not have 

allowed enough time post-flood for significant height differences to develop.   

Leaf Expansion, Dry Matter Accumulation, and Partitioning  

Leaf dry weight showed significant flood treatments effects at 49 DAS (3.6).  Non-

flood treatments accumulated more biomass in the leaves (2220 mg plant-1) compared to 

flooded treatments, while the 2-week treatment had a significantly greater dry weight 

(1190 mg plant-1) than the 4-week treatment (919 mg plant-1).  Significant differences in 

leaf dry weight were noted among genotypes at all sampling dates (3.6).  Interactions 

between flood and genotype treatments were not significant.  



 

Table 3-5  Plant heights. 
Days After Sowing

21 25 28 32 36 39 44 47
cm plant-1

Flood
2 Week 9.38 11.5 a 12.4 a 12.9 16.5 17.4 20.0 21.9
4 Week 9.45 11.2 b 11.9 b 12.5 15.2 16.9 20.9 23.0
Non-flood 9.12 10.2 c 10.9 c 11.5 14.2 16.4 19.9 22.0
LSD 0.05 0.21 0.3 0.3 0.4 1.7 0.6 0.9 1.0
Significance ns * * ns ns ns ns ns

Genotype
Tolerant‡
91210-350 11.10 a 12.8 a 13.9 a 14.6 a 17.5 19.7 a 23.0 a 25.4 a
91210-316 8.82 ef 10.8 c 11.6 cd 12.5 c 15.0 17.1 cd 21.1 bc 23.5 bc
91209-126 8.42 fg 9.94 de 10.6 e 11.4 ef 13.9 16.1 de 20.1 cd 22.2 cd
91209-151 8.93 e 10.0 cd 11.4 cd 11.9 cde 18.3 16.3 de 20.1 cd 22.4 cd
91209-142 9.00 e 10.8 c 11.5 cd 11.9 cde 14.9 17.2 cd 21.1 bc 23.8 abc
Sensitive
91209-220 10.60 b 12.2 a 13.2 b 13.7 b 16.5 18.8 ab 22.1 ab 24.4 ab
91209-119 8.89 e† 10.4 cdce 11.1 de 11.5 de 14.1 16.1 de 20.1 cd 22.1 cd
91209-269 8.29 g 9.85 e 10.5 e 10.6 f 13.0 14.0 f 17.1 e 18.4 e
91209-297 10.00 c 11.6 b 12.6 b 13.3 b 15.7 17.8 bc 20.2 cd 21.4 d
91209-143 9.56 d 10.9 c 11.9 c 12.2 cd 14.6 16.5 de 19.5 cd 21.5 d
Control
Hinson 8.93 e 10.6 c 11.5 cd 11.9 cde 14.3 15.7 e 18.6 de 20.6 d
LSD 0.05 0.41 0.5 0.6 0.7 3.3 1.2 1.8 1.9
Significance *** *** *** *** ns *** *** ***

Flood x Genotype 
Significance ns ns ns ns ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡ Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).  
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Table 3-6  Leaf dry weights and dry matter partitioning. 
Days After Sowing

21 35 49
Dry Weight Partitioning‡ Dry Weight Partitioning Dry Weight Partitioning
mg plant-1 mg plant-1 mg plant-1

Flood
2 Week 328 0.501 621 0.443 b 1190 b 0.423 b
4 Week 325 0.503 646 0.438 b 919 c 0.369 c
Non-flooded 338 0.518 668 0.495 a 2220 a 0.448 a
LSD 0.05 33 0.017 98 0.015 210 0.016
Significance ns ns ns * ** *

Genotype
Tolerant§
91210-350 425 a 0.477 728 ab 0.449 cde 1390 abcd 0.383 e
91210-316 280 de 0.517 674 abcd 0.478 abc 1730 a 0.434 abc
91209-126 343 bc 0.508 633 bcd 0.458 bcde 1620 abc 0.438 ab
91209-151 248 e 0.491 512 cd 0.443 de 1470 abc 0.404 cde
91209-142 287 cde 0.508 495 d 0.432 e 1660 ab 0.409 bcde
Sensitive
91209-220 389 ab 0.513 690 abc 0.486 ab 1440 abc 0.426 abcd
91209-119 297 cde† 0.502 646 bcd 0.441 de 1370 abcd 0.405 cde
91209-269 308 cde 0.504 519 cd 0.463 bcd 1220 cd 0.447 a
91209-297 320 cd 0.519 588 bcd 0.453 cde 1010 d 0.379 e
91209-143 421 a 0.502 845 a 0.447 de 1690 ab 0.397 de
Control
Hinson 320 cd 0.539 764 ab 0.495 a 1290 bcd 0.421 abcd
LSD 0.05 63 0.034 187 0.029 410 0.030
Significance *** ns ** ** * **

Flood x Genotype 
Significance ns ns ns ns ns **
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡ Dry matter partitioning is defined as leaf dry weight / total plant dry weight.
§Tolerant and Sensitive determined based on descending rankings (Cornelious, 2003).  
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Our findings that leaf dry weight for flooded treatments is reduced in comparison to 

non-flooded treatments and that two-week post-flood recovery is sufficient to observe a 

significant recuperation of leaf biomass are consistent with the generic plant response to 

flooding, but to our knowledge have not been previously reported for soybean.  In 

soybean, reductions in leaf area of flooded plants (Bacanamwo and Purcell, 1999a) as 

well as reduction in leaf number (Sallam and Scott, 1987) have been reported which 

logically should result in a reduction in leaf dry weight such as we have documented.  

Differences in total leaf biomass accumulation between 35 and 49 DAS show continued 

leaf growth for all treatments.  Significant differences in leaf dry weight between the 2 

and 4-week flood treatments at 49 DAS demonstrates an enhanced ability of the 2-week 

treatment to accumulate biomass in the leaves after removal of flood.  This is consistent 

with increases in plant biomass accumulation after removal of flood reported by 

Bacanamwo and Purcell (1999b) and Oosterhuis et al. (1990).  

While patterns in total leaf biomass accumulation and leaf expansion mirror one 

another, an analysis of incremental leaf expansion showed greater genotype sensitivity to 

flooding than leaf biomass, resulting in a significant genotype x flood interaction term at 

36 DAS (3.7).  Figures 3.1-3.4 show the range of genotypic incremental leaf area 

expansion response to flood treatments.  Noting that leaf expansion is one of the first 

plant parameters affected by flooding (Kramer, 1951), trends in the response of leaf area 

expansion to flood treatments may serve as a more sensitive indicator of plant 

performance than that of total leaf area accumulation. 

The fraction of total biomass partitioned to leaves was significantly different for the 

flood treatments at 35 and 49 DAS (3.6).  At 49 DAS the non-flooded treatment  
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Table 3-7  Incremental leaf area expansion. 
Days After Sowing

14 22 28 36 43
cm2 

Flood
2 Week 20.6 51.8 48.9 57 b 66 b
4 Week 19.4 51.5 55.5 49 b 49 b
Non-flooded 17.9 53.5 63.9 153 a 247 a
LSD 0.05 1.9 5.4 7.7 17 32
Significance ns ns ns ** **

Genotype
Tolerant‡
91210-350 24.3 bc† 57.8 bc 59.5 cde 89 83 cd
91210-316 16.2 d 46.0 de 60.5 bcd 105 166 a
91209-126 14.6 de 47.0 de 44.9 ef 81 149 ab
91209-151 11.7 e 40.6 e 41.5 f 89 134 abcd
91209-142 13.2 de 40.6 e 40.2 f 92 143 abc
Sensitive
91209-220 21.5 c 54.6 bcd 53.5 cdef 79 102 bcd
91209-119 15.1 de 49.2 cde 52.9 cdef 76 129 abcd
91209-269 15.8 d 46.9 de 48.4 def 70 84 cd
91209-297 29.0 a 70.7 a 74.8 ab 66 76 d
91209-143 26.4 ab 63.5 ab 76.9 a 108 168 a
Control
Hinson 24.2 bc 58.1 bc 64.1 abc 94 95 bcd
LSD 0.05 3.5 10.4 14.8 33.1 61
Significance * *** *** ns *

Contrast T vs. S

Flood x Genotype 
Significance ns ns ns * ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).  
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Incremental Leaf Area Expansion Across 
Genotypes
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Figure 3-1  Incremental leaf area expansion for all genotypes across flood treatments. 
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Incremental Leaf Area Expansion 91209-143
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Incremental Leaf Area Expansion 91209-220
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Incremental Leaf Area Expansion 91209-269
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Incremental Leaf Area Expansion 91209-297
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Figure 3-2 Incremental leaf area expansion for “most sensitive” genotypes  (Cornelious, 

2003). 
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Incremental Leaf Area Expansion 91209-126
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Incremental Leaf Area Expansion 91209-142
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Incremental Leaf Area Expansion 91209-151
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Incremental Leaf Area Expansion 91210-316
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Incremental Leaf Area Expansion 91209-350
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Figures 3-3  Incremental leaf area expansion for “most tolerant” genotypes (Cornelious, 

2003). 
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Figure 3-4  Incremental leaf area expansion for control genotype Hinson. 
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had a significantly greater allocation of biomass to the leaves, and the 4-week flooded 

treatment had the lowest.  Significant genotypic differences were observed at the 35 and 

49 DAS sampling dates.  Flood by genotype interactions were significant at 49 DAS 

(3.6).   The decline in fraction of biomass partitioned to leaves with flood durationis 

again a natural consequence of the inability of the plant to maintain plant processes and 

production on a whole plant level under flooded conditions.   

Flooded treatments recorded significantly lower leaf areas at later sampling dates 

(36-43 DAS) (3.8).  Genotype effects were significant at all but the final sampling date 

(43 DAS).  No significant interaction between flood and genotype effects was recorded at 

any sampling date.  The relative decline in leaf area due to flooding ranged from 54-57% 

from non-flooded treatments at 43 DAS.  Our results are consistent with the findings of 

Bacanamwo and Purcell (1999a) who recorded a reduction in leaf area between 49-60% 

after 21 days of flooding with respect to non-flooded controls.   

Total Plant Dry Weight 

Total plant dry weight was significantly less for flooded treatments at 49 DAP 

(Tables 3.9) accumulating only 44 – 53% the total biomass of non-flooded controls.  No 

significant difference between flooded treatments was recorded at final harvest.   

Significant differences among genotypes were noted at all sample dates, however no 

significant interaction between flood and genotype was recorded for any sample date. 

Trends in accumulation of soybean plant biomass when flooded were in agreement with 

previous studies; Oosterhuis et al. (1990) cited a general reduction in plant biomass with 

flooding at the V4 growth stage, while Scott et al. (1989) reported a reduction of 41-56% 

in total biomass as compared to non-flooded controls with 14 days of flooding at the V4  
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Table 3-8  Leaf area. 

s

Days After Sowing
14 22 28 36 43

cm2

Flood
2 Week 20.6 72.5 121 178 b 245 b
4 Week 19.4 70.9 126 176 b 225 b
Non-flooded 17.9 71.3 135 288 a 535 a
LSD 0.05 1.8 6.1 11 25.0 52
Significance ns ns ns * *

Genotype
Tolerant‡
91210-350 24.3 bc 82.0 bc 142 cd 231 abc 314
91210-316 16.2 d 62.3 ef 123 def 228 bcd 394
91209-126 14.6 de 61.6 ef 106 fg 188 cd 337
91209-151 11.7 e 52.3 f 93.8 g 182 cd 316
91209-142 13.2 de 53.8 ef 94.1 g 186 cd 330
Sensitive
91209-220 21.5 c 76.1 cd 130 cde 209 bcd 311
91209-119 15.1 de† 64.3 de 117 ef 193 bcd 322
91209-269 15.8 d 62.7 ef 111 efg 181 d 265
91209-297 29.0 a 99.7 a 175 a 240 ab 317
91209-143 26.4 ab 89.9 ab 167 ab 275 a 443
Control
Hinson 24.2 bc 82.3 bc 146 bc 240 ab 336
LSD 0.05 3.5 11.9 21 48 101
Significance *** *** *** ** ns

Flood x Genotype 
Significance ns ns ns ns n
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based on descending rankings (Cornelious, 2003).
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Table 3-9  Total plant dry weight. 

rowth stage.  From our results, it is apparent that sufficient damage occurred to the 2-

week flooded plants to retard overall growth for at least 14 days following the removal of 

flooding.  Oosterhuis et al. (1990) showed increases in biomass accumulation to near-

normal rates 14 days after the removal of a 7-day flood treatment.  In our experiment, 14 

days was not a long enough period to see significant recovery from the 2-week flood 

treatment. 

Days After Sowing
21 35 49

mg plant-1

Flood
2 Week 655 1370 2810 b
4 Week 655 1450 2360 b
Non-flooded 655 1350 5050 a
LSD 0.05 66 200 520
Significance ns ns **

Genotype
Tolerant‡
91210-350 913 a 1610 ab 3420 abc
91210-316 538 e 1380 bc 3990 a
91209-126 675 cd 1370 bc 3740 ab
91209-151 507 e 1160 c 3560 abc
91209-142 563 de 1140 c 4070 a
Sensitive
91209-220 759 bc 1440 bc 3260 abcd
91209-119 590 de 1440 bc 3380 abcd
91209-269 609 de 1110 c 2640 cd
91209-297 616 de 1270 bc 2420 d
91209-143 839 ab 1860 a 4070 a
Control
Hinson 598 de 1550 ab 2930 bcd
LSD 0.05 126 380 991
Significance *** ** *

Flood x Genotype 
Significance ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based on descending ranking (Cornelious, 2003).
 
g
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Root:Shoot Ratio 

Flooding had a significant effect on root:shoot ratios at 49 DAP (3.10).  Genotype 

effects were also significant at 49 DAP with 91209-119 and 91209-143 having the 

highest values.  The interaction between flood and genotype was not significant. 

Table 3-10  Root:Shoot ratios   

Consistent with the findings of Sallam and Scott (1987), root:shoot ratios decreased 

for all treatments with time.  This can be accounted for by the continual accumulation of 

aboveground biomass regardless of treatment.  Flooding at the V2 growth stage did not 

appear to prevent the accumulation of aboveground biomass, rather slow the initiation of 

Days After Planting
21 35 49

Flood
2 Week 0.327 0.310 0.239 b
4 Week 0.349 0.289 0.254 ab
Non-flooded 0.310 0.275 0.263 a
LSD 0.05 0.057 0.037 0.019
Significance ns ns *

Genotype
Tolerant‡
91210-350 0.385 0.228 0.234 bc
91210-316 0.321 0.286 0.251 ab
91209-126 0.347 0.323 0.254 ab
91209-151 0.358 0.313 0.263 ab
91209-142 0.319 0.294 0.268 ab
Sensitive
91209-119 0.366 0.332 0.278 a
91209-220 0.303 0.277 0.249 abc
91209-269 0.312 0.319 0.249 abc
91209-297 0.277 0.287 0.234 bc
91209-143 0.329 0.304 0.279 a
Control
Hinson 0.289 0.243 0.212 c
LSD 0.05 0.109 0.070 0.038
Significance ns ns *

Flood x Genotype 
Significance ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based on descending ranking (Cornelious, 2003).
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the rapid growth phase.  The decreases in root:shoot ratio for the 2-wk flood (3.10) are 

not consistent with the findings of Bacanamwo and Purcell (1999a) and Sallam and Sco

(1987). In our experiment, the relative loss of aboveground biomass in leaf and stem 

tissues was not as pronounced as the loss of root dry weight. The development of 

adventitious roots, while present, was not sufficient to offset the loss of primary ro

weight.   

Correlati

tt 

ot dry 

ons of Above Ground Plant Growth to Flood Tolerance 

 dry weight (3.12).  

Spear

t 

 and tolerance existed 

at 49 

ass 

and 

f 

 

Genotypes were ranked based on flood tolerance (3.11) and stem

man’s rank correlation coefficients were significant for stem dry weight and flood 

tolerance (3.13).  The positive correlation reported by Pires et al. (2002) between stem 

diameter and flood tolerance was attributed to increased hypertrophy in the more toleran

variety.  Our results, to our knowledge not previously reported in the scientific literature, 

indicate a similar correlation may exist between stem dry weight and flood tolerance. 

This relationship is consistent with the findings of Pires et al. (2002), assuming that 

increased hypertrophy coincides with greater stem dry weight.     

A negative correlation between stem dry matter partitioning

DAS (3.13) based on genotype tolerance rankings  (3.11) and stem dry matter 

partitioning rankings across flooded treatments (3.14).  The percentage of total biom

associated with the stem is a logical inverse measure of plant performance under 

flooding.  While stem dry weight is positively correlated with tolerance, necrosis 

dieback of leaves and roots in non-tolerant genotypes may leave a greater percentage o

total biomass in the stems.  Plants that are least able to support near-normal leaf and root

growth and develop fewer adventitious roots would have the greatest percentage of 
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biomass associated with the stem.  Based on the negative correlation between stem dry 

weight partitioning and tolerance it may be desirable to use partitioning percentage for  

Table 3-11  Tolerance of all genotypes to early-season flooding. 

able 3-12 Stem dry weight means for flooded treatments and ranks used for correlations. 

Tolerance Ratio Rank
91209-119 0.779 a† 1
91209-126 0.745 a 2
91209-269 0.739 ab 3
91209-142 0.671 abc 4
Hinson 0.635 abcd 5
91209-220 0.469 abcd 6
91209-151 0.462 abcd 7
91209-143 0.441 bcd 8
91210-316 0.466 cd 9
91210-350 0.410 cd 10
91209-297 0.335 d 11
† Treatment means followed by the same letter are not significantly different (P<0.05)
‡ Tolerance is defined as total mean plant dry weight flooded treatments / total dry weight 

non-flooded treatment.  Based on dry weights at 49 DAS sampling.
 
T

Days After Sowing
21 35 49

Genotype (mg plant-1) (mg plant-1) (mg plant-1) rank
91209-142 153 423 1350 1
91209-119 140 470 1190 2
91209-126 158 378 1160 3
Hinson 150 560 1120 4
91209-143 198 606 1070 5
91209-151 121 428 1040 6
91210-316 120 405 1020 7
91210-350 224 643 1010 8
91209-220 205 529 880 9
91209-269 168 390 830 10
91209-297 174 396 610 11
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Table 3-13  Correlations between selected plant measures and flood tolerance. 

Table 3-14  Stem dry matter partitioning means for flooded treatments and ranks used for 

flooded tre easure of tolerance.    A significant positive correlation was 

s 

o 

f 

Experiment 1 Tolerance
Plant measure Spearman's Rank Correlation Coefficient
Stem dry weight 49 DAS 0.600 *
Stem partitioning 35 DAS -0.209 ns
Stem partitioning 49 DAS -0.618 *
Leaf dry weight 49 DAS 0.627 *
Leaf partitioning 35 DAS -0.245 ns
Leaf partitioning 49 DAS 0.545 ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively
 

correlations. 

atments as a m

Days After Sowing
21 35 49

Genotype rank
91209-297 0.273 0.327 0.481 1
91210-350 0.269 0.371 0.453 2
Hinson 0.248 0.317 0.435 3
91209-151 0.249 0.346 0.415 4
91209-143 0.243 0.350 0.405 5
91209-220 0.264 0.314 0.399 6
91209-119 0.224 0.329 0.395 7
91209-142 0.262 0.365 0.391 8
91209-269 0.270 0.329 0.374 9
91210-316 0.229 0.317 0.370 10
91209-126 0.238 0.299 0.368 11
 

noted between leaf dry weight and flood tolerance at 49 DAS (3.13) when genotype 

tolerance ranks (3.12) were correlated to leaf dry weight ranks across flood treatment

(3.15).  The correlation between leaf dry weight and flood tolerance is most likely due t

the enhanced ability of the most tolerant plants to continue transport of essential water 

and nutrients from the roots to the leaves allowing for continued photosynthesis and lea

expansion.  
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Table 3-15  Leaf dry weight means for flooded treatments and ranks used for 

ontrast Between Flood Tolerance Groups 

The difference between flood tolerance groups was consistently highlighted by 

strong early growth in the “tolerant” grouping and better performance under flooded 

conditions for the “sensitive” grouping (Tables 3.16 and 3.17).  Significant differences in 

pre-flood values for stem dry weight, leaf dry weight, plant height, incremental leaf area 

accumulation, and total leaf area (3.16 and 3.17) are all based on the greater total value of 

the “tolerant” genotype grouping.  In each instance the, flood duration led to gains by the 

“sensitive” genotype grouping, resulting in either no significant difference between 

groups (stem dry weight, incremental leaf area accumulation, and total leaf area) or a 

significant difference based on greater value for the “sensitive” grouping (leaf dry weight 

and plant height) (Tables 3.16 and 3.17).  This is further evidence of the lack of 

correspondence between tolerance rankings as defined in this study and tolerance 

rankings as defined by Cornelious (2003).   

Days After Planting
21 35 49

Genotype (mg plant-1) (mg plant-1) (mg plant-1) rank
91209-142 289 483 1420 1
91209-126 339 595 1350 2
91209-119 315 596 1220 3
91210-316 279 593 1020 4
91209-143 409 756 1130 5
Hinson 325 816 1070 6
91209-151 236 526 1020 7
91209-269 309 530 1000 8
91209-220 391 751 940 9
91210-350 386 765 860 10
91209-297 318 555 450 11
correlations. 
 
C
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Table 3-16  Aboveground dry weight contrasts between “tolerant” vs. “sensitive” 
genotypes as defined by Cornelious (2003) across 2- and 4-week flood 
treatments. 

Days After Sowing
21 35 49

mg
Dry weight:
Stem -109 †* -116 ns 994 ns
Leaf -213 * -228 ns 1121 *
Total -328 ns -536 ns 2502 ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
† Negative values denote a greater mean value for "tolerant" treatments.
 
Table 3-17  Plant height, incremental leaf area, and leaf area values, contrasts between 

“tolerant” vs. “sensitive” genotypes as defined by Cornelious (2003) across 2- 
and 4-week flood treatments. 

 
onclusions 

Significant positive correlations were found between soybean stem dry weight 

and leaf dry weight and flood tolerance.  However, soybean stem partitioning percentage 

was negatively correlated with flood tolerance.  The importance of stem development 

both as a positive measure of adaptation and a negative reflection of plant performance is 

highlighted in its relationship to tolerance.  Significant correlations between plant growth 

parameters and tolerance as defined in this study solidify the link between morphological 

adaptations and the ability of soybean to grow under flooded conditions.  The 

Days After Planting
21 25 28 32 36 39 44 47

cm
Plant height -1.58 †** -0.6 ns -1.13 ns -0.12 ns 5.31 ns 0.77 ns 3.31 ns 6.25 *

14 22 28 36 43
Incremental Leaf Area -32.6 *** -55.4 ** -67.4 ** 67.9 ns 118.4 ns

Leaf Area -32.6 *** -88.0 *** -155.4 *** -87.4 ns 31.0 ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
† Negative values denote a greater mean value for "tolerant" treatments.

C
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dissimilarity between tolerance ranks for this study, with flooding at the V2 growth stage, 

and tolerance rankings as established by Cornelious (2003) for flooding at the R2 growth 

stage (Figure 3-5) may reflect variation in plant response to flooding at these stages.  In    

Linear Regression of Flood Tolerance Rankings
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Figure 3-5  Linear regression of tolerance ranks from Arkansas (Cornelious, 2003) and 

Belle Glade.  

order to better understand the relationship between early season morphological response 

and end of season tolerance it will be necessary to further investigate the effects of V2 

flooding on soybean yield for these genotypes.  By establishing rankings through 

comparable means to those presented in Cornelious (2003), but based on early season 

flood imposition, it would be possible to judge the effectiveness of early season tolerance 

identification.  Insight may also be gained as to the consistency of genotype tolerance 

rankings with regards to timing of flood imposition.  The data presented in this Chapter 

warrants further investigation as it notes significant relationships between plant 

morphology and flood tolerance. 

 



  

CHAPTER 4  
RESEARCH PERSPECTIVES 

The process of developing and executing an academic experiment has been 

enlightening on a professional, academic, and personal level.  What I may have 

considered to be an exercise in strict repetition before beginning has turned out to be a 

challenging and creative process that pushed my abilities to learn.   

From an academic perspective the experiments reported in this thesis offer, in my 

opinion, an important contribution to increased understanding of the processes involved 

in soybean adaptation to flood stress.  Assuming that to be the intent of performing the 

experiments, then this project has to be considered a success.  The success we obtained 

was not however the success we anticipated.  It appears that by answering one question 

the possibility to ask five new questions has arisen.  That in itself may be the beauty of 

coming to a greater understanding of any topic.  Only through obtaining different results 

than expected have I better understood how I might have gone about this project.  

Without rehashing the contents of the previous three chapters, I do believe there is 

validity to the concept that morphological response serves as a good indicator of flood 

tolerance.  I also believe that there is a strong possibility that early identification of flood 

tolerant varieties is possible, at least in relation to early season flood stress.  That being 

said, additional evidence is needed and should be sought.  Recommendations for future 

projects in this area would include:  1) Morphology of flooding response at the R2 

growth stage (this being the stage at which initial flood tolerance ranking were 

determined) 2) Effects of flooding at the V2 stage on yield.  This would allow early 

69 
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season tolerance rankings based on biomass and yield based tolerance rankings to be 

compared therefore establishing the predictive ability of those early season rankings. 

From a professional perspective, my time at the University of Florida has been very 

productive.  The first question asked of me while inquiring about the School of Natural 

Resources and Environment was “what are your career goals?”  While I still may not be 

able to answer that question specifically, I do know that I came in with little 

understanding of the functioning of plants and their relation to the greater environment 

and I am leaving with more information and thought dedicated to this topic than I could 

have hoped for.  Acquiring this information was my primary goal, but the conversations, 

classes, and atmosphere associated with its acquisition have been of greater benefit than 

the raw information ever will be.  My recommendation to anyone pursuing a degree at 

this level is, understand what you want to know before you begin looking for it.  

Anything else you find along the way becomes a bonus to knowing where you are going. 

Personal lessons learned have proven to be the greatest body of knowledge 

obtained in this process.  First, consistent work pays off.  Hard work is good, but too 

much hard work at any one time becomes stress.  Consistent work allows for continual 

meeting of goals and the appearance of progress.  Second, be ready for the unexpected.  

You cannot know what the outcome of the experiment will be before it is performed, if 

you do then is it really worth doing?  When the unexpected hits you, run with it, 

sometimes it is much more interesting than the expected.  Likewise, for the sake of the 

experiment and science, do everything you can to avoid the unexpected.  Try to anticipate 

what could go wrong and avoid the possibility.  In the meantime, make sure you can 

document what is going on just in case you did not anticipate every possibility.  Finally, 
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take control of knowing the subject.  It is your project, you degree and while the process 

must be and always will be a collaborative effort, on a very basic level it is your 

responsibility to make sure it goes well. 

This chapter is for the benefit of the students that may take the time to pick up and read 

portions of this thesis.  Understand that hindsight is always 20-20 (to be exceptionally 

clichéd).  The strength and weaknesses of the previous three chapters are the experiences 

represented in the fourth 
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Table A-1 Primary root dry weights. 
Days After Sowing

21 35 49
Dry Weight Partitioning‡ Dry Weight Partitioning Dry Weight RDW* Partitioning
mg plant-1 mg plant-1 mg plant-1

Flood
2 Week 151 0.213 497 0.218 375 0.675 0.147
4 Week 164 0.227 342 0.165 447 0.813 0.163
Non-flooded 179 0.290 468 0.191 633 - 0.143
LSD 0.05 39 0.037 66 0.015 109 0.200 0.015
Significance ns ns ns ns ns ns ns

Genotype
Tolerant§
91210-350 182 0.220 422 0.164 d 488 0.565 0.143 bc
91209-126 164 0.234 529 0.214 ab† 571 0.775 0.159 ab
91209-142 147 0.237 394 0.221 a 440 0.719 0.169 a
Sensitive
91209-220 174 0.225 443 0.179 cd 413 0.976 0.149 abc
91209-269 189 0.259 424 0.197 bc 547 0.674 0.154 abc
Control
Hinson 134 0.183 405 0.175 d 451 0.759 0.133 c
LSD 0.05 56 0.053 923 0.021 154 0.400 0.021
Significance ns ns ns *** ns ns *

Flood x Genotype 
Significance ns ns ns ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means in the same column followed by the same letter are not significantly different (P<0.05).
‡ Dry matter partitioning is defined as primary root dry weight / total plant dry weight.
* RDW = Relative dry weight is defined as primary root dw for flood treatment / primary root dw for non-flood treatment.
§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).
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Table A-2  Primary root length, diameter, surface area, and volume. 
49 Days After Planting

Length Avg.Diameter Surface Area Volume
cm plant-1 mm plant-1 cm2 plant-1 cm3 plant-1

Flood
2 Week 1718 0.439 128 0.793
4 Week 2740 0.677 205 1.28
Non-flooded 1481 0.506 134 1.04
LSD 0.05 693 0.140 46 0.3
Significance ns ns ns ns

Genotype
Tolerant†
91210-350 1782 0.521 147 1.04
91209-126 2198 0.634 178 1.22
91209-142 1796 0.515 142 0.958
Sensitive
91209-220 1740 0.474 134 0.876
91209-269 1945 0.524 158 1.07
Control
Hinson 2418 0.576 175 1.06
LSD 0.05 979 0.198 65 0.384
Significance ns ns ns ns

Flood x Genotype 
Significance ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).
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Table A-3  Adventitious root dry weight and dry matter partitioning. 
Days After Planting

35 49
Dry Weight Partitioning† Dry Weight Partitioning
mg plant-1 mg plant-1

Flood
2 Week 14 1.09 26 1.10
4 Week 39 1.28 35 1.26
Non-flooded - - - -
LSD 0.05 11 0.40 11 0.28
Significance ns ns ns ns

Genotype
Tolerant‡
91210-350 14 1.020 21 0.884
91209-126 17 0.865 23 0.830
91209-142 12 0.988 21 0.928
Sensitive
91209-220 21 0.440 15 0.591
91209-269 18 0.793 28 0.811
Control
Hinson 22 0.619 16 0.676
LSD 0.05 15 0.561 15 0.401
Significance ns *** ns ns

Flood x Genotype 
Significance ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†Dry matter partitioning is defined as adventitious root dry weight / total plant dry weight.
‡Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).
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Table A-4  Adventitious root length, diameter, surface area, and volume. 

 

Length Average Diameter Surface Area Volume
cm plant-1 mm plant-1 cm2 plant-1 cm3 plant-1

Flood
2 Week 231 0.247 16.9 0.104
4 Week 560 0.293 38.4 0.211
Non-flooded - - - -
LSD 0.05 195 0.038 14.1 0.823
Significance ns ns ns ns

Genotype
Tolerant†
91210-350 278 0.244 19.9 0.115
91209-126 469 0.275 33.1 0.193
91209-142 376 0.267 27.2 0.157
Sensitive
91209-220 422 0.296 29.8 0.169
91209-269 408 0.289 30.2 0.179
Control
Hinson 420 0.247 25.8 0.129
LSD 0.05 338 0.066 24.4 0.143
Significance ns ns ns ns

Flood x Genotype 
Significance ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).
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Days After Planting
35 49

Dry Weight Partitioning‡ Dry Weight Partitioning
mg plant-1 % mg plant-1 %

Flood
2 Week 4 0.127 57 2.42
4 Week 15 0.643 68 2.41
Non-flooded 34 1.57 85 1.67
LSD 0.05 16 0.734 39 0.95
Significance ns ns ns ns

Genotype
Tolerant§
91210-350 35 1.53 61 bc 1.75 b
91209-126 17 1.12 82 b† 2.24 b

<0.05).

, 2003).

Table A-5  Nodule dry weight and dry matter partitioning. 

91209-142 5 0.215 58 bc 2.23 b
Sensitive
91209-220 6 0.282 25 c 1.11 b
91209-269 21 1.00 155 a 4.29 a
Control
Hinson 16 0.537 41 bc 1.38 b
LSD 0.05 23 1.04 56 1.34
Significance ns ns ** **

Flood x Genotype 
Significance ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P
‡Dry matter partitioning is defined as nodule dry weight / total plant dry weight.
§Tolerant and Sensitive determination based on descending ranking (Cornelious  
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Table A-6  Stem dry weight and dry matter partitioning. 
Days After Sowing

21 35 49
Dry Weight  Partitioning‡ Dry Weight  Partitioning Dry Weight  Partitioning
mg plant-1 mg plant-1 mg plant-1

Flood
2 Week 193 0.268 780 0.337 949 b 0.394
4 Week 190 0.261 773 0.359 1114 b 0.423
Non-flooded 186 0.256 774 0.312 1670 a 0.369
LSD 0.05 31 0.018 112 0.014 284 0.015
Significance ns ns ns ns ** ns

Genotype
Tolerant§
91210-350 228 0.273 997 a 0.368 a 1410 0.442 a
91209-126 197 0.255 753 bc† 0.309 d 1320 0.378 c
91209-142 168 0.271 617 c 0.349 ab 990 0.389 c
Sensitive
91209-220 199 0.256 816 ab 0.338 bc 1090 0.394 bc
91209-269 173 0.245 710 bc 0.319 cd 1310 0.356 d
Control
Hinson 191 0.271 793 b 0.334 bc 1380 0.414 b
LSD 0.05 43 0.026 158 0.209 400 0.022
Significance ns ns ** *** ns ***

Flood x Genotype 
Significance ns ns ns ns ns **
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡ Dry matter partitioning is defined as stem dry weight / total plant dry weight. 
§Tolerant and Sensitive determination based on descending ranking (Cornelious, 2003).  
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Days After Sowing
21 30 38 43

cm 
Flood
2 Week 9.06 13.8 19.6 23.4
4 Week 8.89 13.7 19.1 23.4
Non-flooded 9.40 12.7 18.7 23.4
LSD 0.05 0.60 0.7 1.2 1.5
Significance ns ns ns ns

Genotype
Tolerant‡
91210-350 9.29 ab 14.5 b 20.8 b 25.8 a
91209-126 9.25 abc 12.9 c 18.6 c 23.3 b
91209-142 9.17 abc 12.4 cd 17.7 cd 21.7 bc
Sensitive

a
c

bc

tively.
ent (P<0.05).

nelious, 2003).

Table A-7  Plant height. 

91209-220 9.85 a 15.8 a 22.9 a 27.7
91209-269 8.44 c 11.8 d 16.5 d 20
Control
Hinson 8.70 bc 13.1 c 18.1 c 21.9
LSD 0.05 0.84 0.9 1.6 2.2
Significance * *** *** ***

Flood x Genotype 
Significance ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respec
†  Treatment means followed by the same letter are not significantly differ
‡Tolerant and Sensitive determined based on descending rankings (Cor  
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Table A-8  Leaf Dry weights and dry matter partitioning. 
Days After Sowing

21 35 49
Dry Weight  Partitioning‡ Dry Weight Partitioning Dry Weight  Partitioning
mg plant-1 mg plant-1 mg plant-1

Flood
2 Week 369 0.520 1001 0.438 c 1040 b 0.424 b
4 Week 377 0.511 960 0.451 b 1040 b 0.373 c
Non-flooded 374 0.505 1180 0.480 a 2040 a 0.471 a
LSD 0.05 59 0.028 130 0.008 240 0.016
Significance ns ns ns ** ** **

Genotype
Tolerant§
91210-350 422 0.507 1160 a 0.448 d 1310 0.389 c
91209-126 362 0.511 1110 a† 0.457 cd 1530 0.432 ab
91209-142 308 0.492 750 b 0.421 e 1070 0.411 bc
Sensitive
91209-220 399 0.519 1140 a 0.471 ab 1290 0.441 a
91209-269 356 0.497 1020 a 0.465 bc 1590 0.439 a
Control
Hinson 396 0.546 1130 a 0.477 a 1470 0.433 ab
LSD 0.05 84 0.040 180 0.011 350 0.023
Significance ns ns ** *** ns **

Flood x Genotype 
Significance ns ns ns * ns *
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡ Dry matter partitioning is defined as leaf dry weight / total plant dry weight.
§Tolerant and Sensitive determined based on descending rankings (Cornelioius, 2003).  
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Table A-9  Leaf area values. 

s

Days After Sowing
16 22 29 37 44

cm2 plant-1

Flood
2 Week 48.9 a† 113 169 228 b 245 b
4 Week 44.7 ab 104 159 225 b 254 b
Non-flooded 40.6 b 105 179 333 a 492 a
LSD 0.05 6.6 13 23 38 69
Significance * ns ns * **

Genotype
Tolerant‡
91210-350 53.4 a 118 a 183 ab 277 ab 342
91209-126 38.4 c 99 bc 164 b 269 b 363
91209-142 34.6 c 80 c 128 c 187 c 252
Sensitive
91209-220 48.5 ab 117 ab 182 ab 266 b 286
91209-269 40.4 bc 97 c 154 bc 246 b 353
Control
Hinson 52.8 a 132 a 203 a 238 a 385
LSD 0.05 9.3 18 32 54 98
Significance ** *** ** ** ns

Flood x Genotype 
Significance ns ns ns ns n
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based on descending rankings (Cornelious, 2003).
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Table A-10  Total plant dry weight 
Days After Planting

21 35 49
g plant-1

Flood
2 Week 0.713 2.30 2.45 b
4 Week 0.731 2.13 2.73 b
Non-flooded 0.739 2.46 4.43 a
LSD 0.05 0.107 0.29 0.65
Significance ns ns **

Genotype
Tolerant‡
91210-350 0.831 2.59 a 3.29
91209-126 0.705 2.42 a 3.53
91209-142 0.623 1.78 b 2.58
Sensitive
91209-220 0.773 2.42 a 2.83
91209-269 0.718 2.19 a 3.62
Control
Hinson 0.721 2.37 a 3.63
LSD 0.05 0.151 0.42
Significance ns ** ns

Flood x Genotype 
Significance ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based descending ranking (Cornelious, 2003).  
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Table A-11  Root:shoot ratios 
Days After Planting

21 35 49

Flood
2 Week 0.273 0.292 a 0.227 ab
4 Week 0.296 0.237 b 0.256 a
Non-flooded 0.360 0.263 b 0.192 b
LSD 0.05 0.129 0.027 0.041
Significance ns ** **

Genotype
Tolerant‡
91210-350 0.283 0.228 b 0.206
91209-126 0.309 0.307 a 0.238
91209-142 0.311 0.301 a 0.255
Sensitive
91209-220 0.291 0.237 b 0.204
91209-269 0.439 0.277 a 0.262
Control
Hinson 0.224 0.235 b 0.184
LSD 0.05 0.183 0.037 0.058
Significance ns *** ns

Flood x Genotype 
Significance ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based on descending ranking (Cornelious, 2003).  
 
Table A-12  Tolerance at 49 DAS 

Tolerance Rank
91209-220 0.723 1
91209-142 0.714 2
91209-126 0.664 3
91209-269 0.635 4
91210-350 0.555 5
Hinson 0.552 6  
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Table B-1  Leaf nutrient analysis (Experiment 1) 
N P K Mg S Ca Mo Mn Fe

Treatment g kg-1 mg kg-1

Flood
2 Week 3.05 0.64 b 1.39 0.44 a 0.264 1.98 a 155 38.1 73.5 ab
4 Week 2.59 0.87 a 1.43 0.32 b 0.22 1.56 c 94.3 25.9 85.8 a
Non-flood 2.86 0.43 c 1.23 0.456 a 0.25 1.82 b 117 25.9 68.6 b
LSD 0.05 0.24 0.11 0.12 0.027 0.21 0.09 17.3 4.4 13.7
Significance ns ** ns ** ns ** ns ns *

Genotype
Tolerant‡
91210-350 3.03 abc 0.76 abc 1.39 0.41 0.25 1.91 a 130 bc 37.9 a 77.6
91210-316 3.02 abc 0.55 cd 1.31 0.41 0.24 1.67 bc 84.9 e 24.7 c 67.4
91209-126 2.69 cd 0.57 cd 1.29 0.36 0.22 1.76 abc 92.3 de 31.5 abc 72.7
91209-151 2.71 cd 0.46 d 1.19 0.42 0.23 1.91 a 96.9 de 32.5 abc 70.4
91209-142 3.22 ab 0.44 d 1.28 0.4 0.24 1.79 ab 99.3 cde 30.6 abc 83.1
Sensitive
91209-220 2.84 bc 0.65 abcd 1.37 0.37 0.24 1.67 bc 89.1 de 26.3 c 82.6
91209-119 2.89 abc† 0.620 bcd 1.34 0.43 0.27 1.91 a 121 cd 33.1 abc 73.7
91209-269 2.29 d 0.73 abc 1.39 0.45 0.26 1.81 ab 155 b 27.3 bc 67.9
91209-297 2.85 abc 0.84 a 1.54 0.41 0.25 1.61 c 108 cde 24.9 c 61.9
91209-143 3.32 a 0.65 abcd 1.29 0.4 0.24 1.92 a 96.4 de 25.6 c 86.3
Control
Hinson 2.32 d 0.83 ab 1.49 0.42 0.26 1.69 bc 269 a 35.4 ab 92.3
LSD 0.05 0.45 0.21 0.23 0.05 0.04 0.18 33.0 8.4 26.2
Significance ** ** ns ns ns ** *** * ns

Flood x Genotype 
Significance * ns ns ns * ns ns ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based on descending ranking (Cornelious, 2003).  
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Table B-2  Leaf nutrient analysis (Experiment 2) 
N P K Mg S Ca Mo Mn Fe

Treatment g kg-1 mg kg-1

Flood
2 Week 2.87 a† 0.543 1.27 a 0.413 b 0.273 a 2.34 a 228 a 48.4 a 133
4 Week 2.26 b 0.632 1.15 b 0.296 c 0.202 b 1.68 b 120 c 37.9 b 120
Non-flood 2.43 b 0.525 1.04 c 0.571 a 0.289 a 2.28 a 202 b 36.9 b 117
LSD 0.05 0.21 0.059 0.08 0.023 0.016 0.080 17 4.5 18
Significance ** ns * *** ** *** ** * ns

Genotype
Tolerant‡
91210-350 2.63 ab 0.616 a 1.13 0.452 a 0.261 2.29 a 199 b 43.2 ab 150 a
91209-126 2.57 ab 0.513 b 1.14 0.399 b 0.245 2.12 b 136 d 46.3 a 106 c
91209-142 2.56 ab 0.513 b 1.09 0.450 a 0.253 2.21 ab 171 c 43.3 ab 110 bc
Sensitive
91209-220 2.11 c 0.657 a 1.09 0.417 b 0.258 2.13 b 153 cd 39.4 bc 125 abc
91209-269 2.86 a 0.513 b 1.25 0.416 b 0.265 1.95 c 167 c 35.4 c 113 bc
Control
Hinson 2.41 bc 0.590 ab 1.23 0.425 ab 0.246 1.89 c 273 a 39.1 bc 137 ab
LSD 0.05 0.3 0.084 0.12 0.033 0.023 0.11 24 6.4 26
Significance ** ** ns * ns *** *** ** *

Flood x Genotype 
Significance ns ns ns ns ns ** ** ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based on descending rankings (Cornelious, 2003).  
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Table B-3  SPAD readings (Experiment 1). 
Days After Sowing

21 25 28 32 36 39 44 47
Flood
2 Week 21.2 17.9 18.4 16.7 17.4 b 18.7 b 24.4 a 23.9 a
4 Week 21.0 17.9 17.7 16.0 17.4 b 17.9 b 23.6 b 19.2 b
Non-flooded 22.2 18.3 17.9 17.6 19.9 a 21.1 a 19.3 a 22.9 a
LSD 0.05 1.2 0.9 0.8 0.7 0.9 1.0 1.3 1.3
Significance ns ns ns ns * * ** **

Genotype
Tolerant‡
91210-350 21.3 18.1 abc 18.5 ab 17.7 19.9 ab 21.3 a 22.7 b 21.8 bcde
91210-316 22.2 19.4 a 19.3 a 16.7 18.5 abc 21.1 a 23.8 ab 24.1 ab
91209-126 21.6 17.6 bc 17.5 bc 16.5 18.4 abc 19.6 abc 23.4 ab 23.1 abc
91209-151 22.4 19.5 a 18.5 ab 17.1 20.2 a 20.6 ab 24.1 ab 23.2 abc
91209-142 21.1 18.3 ab 17.6 bc 16.9 20.0 ab 21.5 a 25.6 a 24.4 a
Sensitive
91209-220 21.2 17.6 bc 17.4 bc 16.0 16.4 de 17.9 de 22.3 b 21.5 cde
91209-119 21.4 18.0 abc† 17.9 abc 16.2 18.3 bcd 18.7 abcd 22.7 b 22.3 abc
91209-269 21.1 17.9 abc 17.7 abc 17.1 17.2 cd 18.6 cde 19.7 c 21.1 cde
91209-297 23.1 18.4 ab 19.2 a 17.5 15.2 e 14.8 f 19.4 c 19.4 e
91209-143 20.3 16.9 bc 17.5 bc 16.8 18.6 abc 19.8 abc 23.0 b 21.9 bcd
Control
Hinson 20.2 16.5 c 16.7 c 16.3 17.4 cd 17.6 e 19.4 c 19.7 de
LSD 0.05 2.3 1.6 1.6 1.4 1.9 1.9 2.5 2.5
Significance ns * * ns *** *** *** **

Flood x Genotype 
Significance ns ns * ns ns * ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means in the same column followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based on descending rankings (Cornelious, 2003).  

87

 

 



 

 

88

Table B-4  SPAD readings (Experiment 2). 
Days After Sowing

21 30 38 43

Flood
2 Week 31.3 a† 23.8 a 20.8 b 22.3 b
4 Week 28.7 b 22.4 b 21.4 b 23.5 a
Non-flooded 30.2 ab 24.4 a 23.3 a 22.7 ab
LSD 0.05 1.8 0.9 1.3 1.2
Significance * * * ns

Genotype
Tolerant‡
91210-350 30.4 26.7 a 23.9 a 22.3 ab
91209-126 29.5 22.1 cd 22.4 a 23.8 a
91209-142 30.3 24.9 b 22.7 a 24.2 a
Sensitive
91209-220 31.0 21.2 d 18.8 b 19.8 c
91209-269 29.3 23.4 c 22.7 a 24.7 a
Control
Hinson 29.8 22.9 c 20.6 b 21.5 bc
LSD 0.05 2.5 1.3 1.8 1.8
Significance ns *** *** ***

Flood x Genotype 
Significance ns * ns ns
*,**,***  Significant at the 0.05, 0.01, and <0.001 levels of probability respectively.
†  Treatment means followed by the same letter are not significantly different (P<0.05).
‡Tolerant and Sensitive determined based on descending rankings (Cornelious, 2003).  
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