
ABSTRACT 

GRANADINO ESPINAL, MARCO ANTONIO. Investigating a Novel Method to Evaluate 

Crop-Weed Interactions under a Moisture Gradient. (Under the direction of Wesley J. Everman). 

 

 Agricultural drought occurs when the moisture supply of a region consistently falls below 

what is required for the production of crops traditionally grown in the region. Plant water supply 

and demand depends on prevailing weather conditions, biological characteristics of specific 

plants, stage of growth, and the physical and biological properties of particular soil types. Crop 

production is directly affected by climate variables such as temperature and precipitation and 

these variables control crop growth and health, annual crop yield and yield of cropping systems 

over time. Projected climate changes include more frequent weather extremes, including drought, 

which will affect many aspects of life including water resources, health and prosperity of the 

inhabitants, and agriculture.  

Drought stress in plants is exacerbated due to competition with unwanted weed species in 

field crops. Water use efficiency, transpiration rate, and responses to water stress vary widely 

among species of weds and crops, which influences weed/crop competition under stress. Of 

course, competition for water by the crop also reduces moisture available to associated weeds. 

The outcome of weed/crop competition for water or any other resource depends upon the relative 

abilities of weed and crop to obtain the resource and to tolerate a deficit of the resource. To 

evaluate weed-crop interactions under moisture stress six water table depth gradient tanks were 

constructed. A gravel layer at the bottom of the tanks allowed a steady water table beneath the 

soil which provided a soil moisture gradient. The tanks were split into nine rows, starting at the 

bottom at approximately 30 cm height from the water table and going up to approximately 155 

cm. Decreasing volumetric water content was observed as height from the water table increased. 

Two row crops, wheat (Triticum aestivum L) and soybean [Glycine max (L.) Merr.], and three 



weed species, Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot], Palmer 

amaranth (Amaranthus palmeri S. Watson) and large crabgrass [Digitaria sanguinalis (L.) 

Scop.], were planted in the summer of 2020. A 1:1 competition was evaluated between wheat 

and Italian ryegrass, and between soybean, Palmer amaranth and large crabgrass. Decreasing soil 

moisture content resulted in reduced above-ground growth both crop and weed species, with the 

exception of Palmer amaranth which had no above-ground response to a decrease in soil 

moisture content. Roots in both crop and weed species increased in length as soil moisture 

content decreased with increasing distance from the water table. Competition between crop and 

weed species resulted in above-ground growth reductions which continued to decrease as soil 

moisture content decreased.  
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Drought in Agriculture 

Agricultural drought can occur over a period of weeks to years, when the moisture supply 

of a region consistently falls below what is required for the production of crops traditionally 

grown in the region. Plant water supply and demand depends on prevailing weather conditions, 

biological characteristics of specific plants, stages of growth, and the physical and biological 

properties of particular soil types. A good definition of agricultural drought should also account 

for the susceptibility of crops during different stages of crop development. Crop production is 

directly affected by climate variables such as temperature and precipitation. These variables 

control crop growth and health, annual crop yield, and yield of cropping systems over time 

(Howden et al. 2007; Kang et al. 2009; Lehmann 2013; Paudel et al. 2014; Liang et al. 2017). 

Although many researchers have documented the effects of climate changes on agriculture at 

different geographical scales, past studies did not focus on adaptive changes to improve cropping 

practices to manage the impact of drought on crop yields (Troy et al. 2015). Projected climate 

changes include more frequent weather extremes, including drought, which will affect many 

aspects of life including water resources, health and prosperity of the inhabitants, and agriculture 

(IPCC 2019). The southern United States suffered from an extreme drought in 2011 to 2013 

(Geruo et al. 2017) which caused $7.2 billion in losses in the agricultural sector alone in 2011 

(Guerrero 2012). Even a moderate drought can reduce crop yields and crop hectarage because 

less water is available for crop growth (Karl et al. 2009). Deficient topsoil moisture at planting 

may hinder germination, thus leading to low plant populations per hectare and a reduction of 

yield (Ponso, 2004). During a drought, farmers may consider reducing their cropping hectarage 

and only plant drought-tolerant crops. However, it is important to understand the spatiotemporal 

variability of drought impact on crop yield and cropping areas to plan and mitigate its potential 
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negative impact on agriculture (Zipper et al. 2016). Agricultural crops have different water 

needs, as some crops use water more efficiently than others (Gurian-Sherman, 2012). Sorghum 

[Sorghum bicolor (L.) Moench] for example, is rarely irrigated as it requires less water than corn 

to fully develop (Colaizzi et al. 2009).  

 

Management of Drought Stress 

Water-wise cultivation augmented with drought tolerant crops and genotypes will be a 

critical part of feeding the escalating world population. Development of crop genotypes requiring 

less water to produce unit biomass along with an accurate site-specific package of production 

technology is urgently needed to sustain crop productivity in drought prone areas (Farooq et al. 

2012). Mass screening is used to explore genetic variability for drought tolerance among crop 

genotypes, and that variability can help to breed new genotypes that are better able to withstand 

drought stress (Ashraf 2010). Several strategies, such as indication of earliness for drought 

escape through early flowering, modification in morphology that leads toward drought tolerance 

through increased root growth and osmotic adjustment, and introduction of drought-tolerant traits 

associated with high yield can be targeted in breeding programs to induce drought tolerance 

(Basu 2016; Rauf 2008; Shavrukov et al. 2017). In most regions of arable cropping, droughts are 

unpredictable but do not generally occur every year. Selection and breeding efforts should 

therefore be targeted to develop genotypes producing good yield under both drought and well-

watered conditions. Conventional breeding efforts focus on direct selection for yield under target 

environments (Atlin and Lafitte 2002). Mass screenings of genotypes may therefore be done 

under managed or natural environments for certain stable secondary traits, like SPAD reading 

and leaf curling score, with high heritability, easy to measure genetic associations with grain 
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yield under drought, but no association with yield reduction under optimal environments 

(Edmeades et al. 2011; Parajuli et al. 2018). However, some studies have reported the 

effectiveness of direct selection for grain yield under drought (Venuprasad et al. 2007; Kumar et 

al. 2008). Root characteristics, drought susceptibility index, and relative yield are among the 

important secondary traits, which may be used to select drought-tolerant genotypes (Chimenti et 

al. 2002; Blum 2005; Kiani et al. 2007). Root length and number, root fresh weight, and relative 

water contents significantly influence drought resistance, which could thus be used as a 

comprehensive index for drought resistance at the seedling stage (Biao-lin et al. 2011). Gowda et 

al. (2011) suggested the selection of genotypes with deep roots for improving drought resistance.  

Advancements in the field of biology make it possible to identify various quantitative 

trait loci (QTL), genes, and proteins associated with drought tolerance in crop plants; these 

drought-related QTL and proteins can be used as markers in breeding programs to tailor drought-

tolerant genotypes (Salekdeh et al. 2002; Lanceras et al. 2004; Farooq et al 2009a,b; Ashraf 

2010). Advancements in biotechnology made it possible to identify drought-responsive genes to 

tailor plants with superior drought tolerance using a transgenic approach (Hadiarto and Tran 

2011). Compared with conventional breeding, the transgenic approach ensures induction of only 

desired genes and confines the entry of unwanted genes into an organism from the donor 

organism (Gosal et al. 2009). Cloning of stress tolerance-related genes and identifying their 

functions are crucial to augment crop tolerance to abiotic stresses including drought (Ashraf 

2010). Plants with C4 pathways exhibit higher photosynthesis rates, water use efficiency and 

higher biomass production, especially at low internal leaf CO2 concentration, high temperature 

and drought stress. Efforts are underway to introduce this feature to C3 plants by overproducing 

PEP carboxylase to improve photosynthetic efficiency and yield potential under drought (Bao-
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Yuan et al. 2011). Transgenic rice (Oryza sativa L.) plants producing PEP carboxylase resist 

drought stress with a slow decline in photosynthetic rate. It is supposed that overproduction of 

PEP carboxylase might be involved in drought resistance to decrease the effect of drought stress 

on photosynthesis in rice (Bao-Yuan et al. 2011). 

 

Plant Response to Drought 

The effect of drought on plants is complex and plants respond with many protective adaptations. 

During drought, plants suffer from dehydration of their cells and tissues as well as an increase in 

temperature as a result of stomatal closure and reduced transpiration. During moderate to severe 

drought, the contribution of both photosynthesis and photorespiration decreases, and thermal 

dissipation increases up to 70–90% of the total light absorbed (Flexas and Medrano 2002). 

Hence, drought resistance in plants includes the ability to withstand dehydration and, secondly, 

the ability to withstand overheating. Water deficiency at any growth stage may have a 

detrimental effect on crop growth and development, but the plant response varies depending on 

the severity of stress and the growth stage (Farooq et al. 2012). Early season drought can cause 

major losses in yields by severely reducing germination and stand establishment due to reduced 

water uptake during imbibition phase of germination, reduced energy supply as a result of a 

decreased photosynthetic rate (Flexas and Medrano 2002), and impaired enzyme activities (Okcu 

et al. 2005). Growth is reduced by drought, by affecting both cell division and cell enlargement 

owing to impaired enzyme activities, loss of turgor, and decreased energy supply (Kiani et al. 

2007; Farooq et al. 2009). Under drought, reduced dry matter accumulation occurs in all plant 

organs, although different organs manifest varying degrees of reduction. Shoot and root fresh 

weights are reduced by drought, although roots are less affected than shoots (Liu et al. 2011). 
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Drought also decreased leaf area owing to loss of turgor and reduced leaf numbers (Farooq et al. 

2010). Drought also suppresses leaf expansion and tillering (Kramer and Boyer 1995), and 

reduces leaf area due to early senescence (Nooden 1988). 

Limited water supply triggers a signal to cause an early switching of plant development 

from the vegetative to reproductive phase (Desclaux and Roumet 1996). For instance, total 

growth duration of both bread wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) 

decreased under drought (McMaster and Wilhelm 2003), which generally results in substantial 

yield reductions. Different crop responses to drought have been reported. For example, when 

exposed to drought flowering is delayed in corn (Zea mays L.), quinoa (Chenopodium quinoa), 

and rice (Abrecht and Carberry 1993; Fukai 1999; Geerts et al. 2008), while soybean [Glycine 

max (L.) Merr.], wheat and barley hastened flowering and physiological maturity (Desclaux and 

Roumet 1996; McMaster and Wilhelm 2003). While drought during vegetative periods of growth 

may have a substantial effect on yield, it has been reported to cause more devastating losses 

during the reproductive and grain filling phases (Lafitte et al. 2007). Drought at flowering is 

critical as it can increase pollen sterility resulting in a hampered grain set (Farooq et al. 2012).  

Relative water content, leaf water potential, and transpiration rate are frequently 

measured indicators of plant water relations (Kirkham 2014). Drought tolerant genotypes 

maintain a higher leaf water potential for longer and wilted later than sensitive genotypes upon 

exposure to drought (Ouvrard et al. 1996). Water potential significantly dropped in soybean 

roots, leaves, and pods under drought in general; however, root water potential dropped much 

earlier than leaves and pods (Liu et al. 2004a, b). With limited water supply, nutrient uptake by 

roots decreases because a decline in soil-water potential slows the diffusion rate of nutrients 

between the soil matrix and root surface (Farooq et al. 2009a). The effects of drought also 
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depend on the intensity and duration of drought. Transpiration not only helps to maintain leaf 

temperature but also drives water and nutrient uptake. Rise in leaf temperature in bread wheat 

and rice plants is reported under drought owing to reduced transpiration rates (Siddique et al. 

2001). Water deficit accelerates abscisic acid (ABA) biosynthesis, which decreases stomatal 

conductance to minimize transpiration losses (Yamaguchi-Shinozaki and Shinozaki 2006). 

Higher ABA accumulation in roots under limited water supply signals the leaves to induce 

stomatal closure and avoid water loss via transpiration (Davies and Zhang 1991). Lower 

transpiration rate and impaired active transport, due to a lack of energy input and altered 

membrane permeability, decreases root nutrient adsorbing power of crop plants under drought 

(Kramer and Boyer 1995; Baligar et al. 2001).  

 

Competition in Wheat 

 With about 2.1 million km2 of total harvested area, wheat (Triticum aestivum L.) is the 

most abundant crop in the world; it is the first rain-fed crop after maize and second most 

irrigated crop after rice (Portmann et al. 2010) as well as the world’s most widely adapted crop, 

supplying one-third of the world population with more than half of their daily calories and half of 

their protein (Rajaram 2001). Competition with weeds causes great losses in wheat productivity, 

creating an increase in production costs with the use of herbicides; this makes cultivation less 

and less economically attractive (Lamego et al. 2013). Wheat cultivars with high competitive 

ability with weeds present characteristics such as higher plant height, large and decumbent 

leaves, vigorous growth, tillering capacity and soil covering (Lemerle et al. 2001). Liebl and 

Worsham (1987) reported yield losses of up to 4.2% for every 10 Italian ryegrass [Lolium 

perenne L. ssp. multiflorum (Lam.) Husnot] plants m-2 in North Carolina. Yield reductions 
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caused by Italian ryegrass were attributed primarily to decreasing crop tillering. Hashem (1998) 

reported larger interference in wheat by Italian ryegrass during wheat’s reproductive stages. 

Italian ryegrass reduced the photosynthetically active radiation reaching wheat by up to 68%. 

Carson et al. (1999) examined aboveground and below- ground interference of Italian ryegrass 

and wheat in the greenhouse. They found above-ground interference of Italian ryegrass was 

grown alone for 14 weeds, it produced a greater leaf area, greater dry weight of stem and roots, 

and more tillers than monoculture wheat. Contrasting other studies Tanji et al. (1997) showed in 

a greenhouse and field studies that wheat was an effective competitor with Italian ryegrass and 

cow cockle [Vaccaria hispanica (Mill.) Rauschert]. One wheat plant was as competitive as 11 

Italian ryegrass in the field. Growth analysis showed that wheat had a greater leaf area, shoot and 

root dry weight, and absolute growth rate than either weed especially early in the growing 

season.  

Competition of Soybean 

 Soybean [Glycine max (L.) Merr.] is one of the most important crops in the world, valued 

as a source of oil for food, industry, and biofuel, and protein-rich feed for livestock, aquaculture, 

and human consumption (Masuda and Goldsmith 2009). The United States is the biggest 

producer of soybean in the world with a production of over 120 million tonnes per year (FAO 

2018). It is also a crop that demands careful weed control. Herbicides are used for weed 

management in most fields where soybeans are grown (Zimdahl 2004). Monks and Oliver (1988) 

studied the interaction between two soybean cultivars and common cocklebur (Xanthium 

strumarium), johnsongrass (Sorghum halepense), Palmer amaranth (Amaranthus palmeri), 

sicklepod (Senna obtusifolia) and tall morningglory (Ipomoea purpurea). Only common 

cocklebur and Palmer amaranth reduced soybean biomass during the growing season. Soybean 
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biomass decreased when it grew within 50 cm of Palmer amaranth. Palmer amaranth alone 

showed soybean yield was highly correlated with Palmer amaranth biomass 8 weeks after 

soybean emergence and to the weed’s density (Klingaman and Oliver 1994). Palmer amaranth 

densities of 0.33, 0.66, 1, 2, 3.33, and 10 plants m-1 of row reduced soybean yield 17, 27, 32, 48, 

64, and 68 percent, respectively (Zimdahl 2004). Basinger et al (2019) reported biomass per 

square meter of large crabgrass (Digitaria sanguinalis) biomass did not vary across densities. 

Basinger et al (2019) predicted reductions in soybean growth due to large crabgrass from 0% to 

37% for densities of 1 to 16 plants m-2 with a maximum yield loss estimate of 50%. Oreja and 

Gonzalez-Andujar (2007) reported losses in soybean yield of over 50% with a density of 5 plants 

m-2. 

 

Water availability on weed/crop interactions 

Weeds compete with crops for water, reduce the amount of soil water available to support 

crop growth, and can thereby exacerbate crop water stress (Patterson 1985; Zimdahl 2004). 

Water use efficiency, transpiration rate, and responses to water stress vary widely among species 

of weeds and crops, which influences weed/crop competition under stress (Aldrich 1984; Geddes 

et al. 1979; Patterson 1986; Patterson and Flint 1983; Radosevich and Holt 1984). Of course, 

competition for water by the crop also reduces moisture available to associated weeds. The 

outcome of weed/crop competition for water or any other resource depends upon the relative 

abilities of weed and crop to obtain the resource and to tolerate a deficit of the resource. The 

timing of water stress during the growth cycle of weeds and crops also influences the impact of 

weed competition. For example, competition by Venice mallow (Hibiscus trionum L.), 

velvetleaf, or prickly sida (Sida spinosa L.) reduced soybean yield more when drought occurred 
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later in the season than when drought occurred early in the season (Eaton et al. 1973; Eaton et al 

1976). Water stress also may change the duration of the critical weed-free period for various 

crops. When competing with natural populations of common ragweed (Ambrosia artemisiifolia 

L.) the critical period for soybean was 2 weeks in a dry year and 4 weeks in a wet year (Coble 

1981). Jackson et al. (Jackson 1985) likewise reported a shorter critical period for natural 

populations of weeds competing with soybean when soil moisture was limited than when 

moisture was adequate. On the other hand, Harrison et al. (1985) found that giant foxtail (Setaria 

faberi Herrm.) reduced soybean growth after only 10 to 15 d when soil moisture was abundant, 

but significant growth reduction was delayed until 25 d after emergence during a dry year. 

Differential effects of water stress on the growth of crops and competing weeds probably account 

for the effects of moisture availability on the duration of the critical period. 
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Abstract 

Considered as one of the “big three” cereal crops, wheat (Triticum aestivum L.) can yield 

over 10 ton ha-1, provided sufficient water and nutrients are available, and effective control of 

pests and pathogens is ensured. Drought stress is one of the major constraints to crop production. 

There is limited information in wheat and Italian ryegrass response to water deficit in 

competition. To evaluate competition under moisture stress six water table depth gradient tanks 

were constructed. A gravel layer at the bottom of the tanks allowed a steady water table beneath 

the soil which provided a soil moisture gradient. The tanks were split into nine rows, starting at 

the bottom at approximately 30 cm height from the water table and going up to approximately 

155 cm. Decreasing volumetric water content was observed as height from the water table 

increased. Species composition was made of wheat and Italian ryegrass in a monoculture and in 

competition. Height reductions due to moisture stress and competition were observed in both 

species, though greater reductions were observed in Italian ryegrass compared to wheat. Tiller 

number was reduced in both wheat and Italian ryegrass when grown in competition and when 

subjected to moisture stress. Tillering was greater in plants grown in a monoculture than when 

grown in competition, regardless of soil moisture content. Above-ground biomass was greater in 

Italian ryegrass compared to wheat when not under competition or moisture stress. However, 

reductions were also greater in Italian ryegrass when in competition with wheat or under 

moisture stress. Above-ground biomass did not differ between Italian ryegrass grown in 

competition or in a monoculture when subjected to a water deficit. Wheat above-ground biomass 

was reduced when in competition with Italian ryegrass and when subjected to a water deficit. 

Few differences in biomass were observed between wheat grown in competition and in a 

monoculture as soil moisture content decreased. Root dry biomass was greater in wheat and 
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Italian ryegrass grown in a monoculture than when grown in competition when not under 

moisture stress, but did not differ when subjected to a water deficit. Root length increased as 

moisture content decreased in wheat and Italian ryegrass regardless of being grown in a 

monoculture or in competition. Above-ground growth was reduced due to competition and 

moisture stress in both wheat and Italian ryegrass. Though root biomass decreased with 

decreasing soil moisture content there was an increase in root length in both species regardless of 

competition indicating a response to moisture stress.  

Keywords: Drought, weed interference, moisture gradient, water deficit, moisture stress, 

competition. 
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Introduction 

With about 2.1 million km2 of total harvested area, wheat (Triticum aestivum L.) is the 

most extensive crop in the world; it is the first rain-fed crop after maize and second most 

irrigated crop after rice (Portmann et al. 2010) as well as the world’s most widely adapted crop, 

supplying one-third of the world’s population with more than half of their daily calories and half 

of their protein (Rajaram 2001). It is counted among the ‘big three’ cereal crops, with over 600 

million tonnes being harvested annually around the world (FAO 2018). Wheat can exceed yields 

of over 10 ton ha-1, provided sufficient water and nutrients are available, and effective control of 

pests and pathogens is ensured (Shewry 2009). Among the many factors affecting yield loss in 

heat, water stress and weed interference have been among the most studied in the scientific 

community (Blum et al. 1989; Boutraa et al. 2010; Liebl and Worsham 1987; Welsh 1999). 

Water stress is one of the major environmental factors limiting crop production (Chandler 

and Bartels 2003; EPSO 2005). Research on how plants respond to water stress has become 

increasingly important as most climate-change scenarios suggest an increase in aridity in many 

areas of the globe (Petit et al. 1999). The ability to utilize soil water determines the reproductive 

success of individuals and/or species in agricultural communities (Zhang et al. 2009). Water 

stressed plants have long-term and short-term responses. Some short-term responses are: shoot 

growth inhibition, reduced transpiration, metabolic acclimation, turgor maintenance, sustained 

root growth, increased root/shoot ratio and an increase in root absorption area (Chaves et al. 

2003). Water stress during vegetative growth stages has been found to limit leaf and tiller 

development of wheat, while water stress during jointing increases rate of senescence and 

decreases number of spikelets per head (Musick and Dusek 1980). The study of crop response to 



21 

 

 

water stress could play a critical role in determining efficient managing strategies to mitigate 

yield loss in drought affected areas.  

Weed interference is the most important biotic cause of crop yield loss around the world. 

Interference refers to the reduction in crop growth or seed production due to presence of weeds; 

this encompasses both competition and allelopathy (Liebl and Worsham 1987). Weed crop 

competition occurs when the supply of a necessary resource for growth (water, light, nutrients, 

etc.) is below the combined needs of the competing plants (Zimdahl 2007). Yield loss due to 

weed presence in cereal crops can be explained by variation in their yield components. In wheat, 

weed pressure has been found to decrease the number of fertile tillers per unit area (Kirkland and 

Hunter 1991; Satorre and Snaydon 1992; Huel and Hucl 1996; Das and Yaduraju 1999; Welsh et 

al. 1999).  

Italian ryegrass (Lolium multiflorum Lam.) is a vigorous, erect winter annual that is 

consistently ranked as one of the most troublesome weeds in wheat (Webster and MacDonald 

2001); its importance in reducing the productivity of wheat and other cereal crops is seen 

worldwide (Gonzalez-Andujar and Saavedra, 2003; Trusler et al. 2007; Paynter and Hills, 2009). 

Liebl and Worsham (1987) studied the interference of Italian ryegrass in wheat in North Carolina 

and found that wheat yield declines 4.2% for every 10 Italian ryegrass plants per m2. Although 

there are studies which evaluate competition or moisture stress in wheat, there is limited 

information on wheat response to competition under moisture stress. Additionally, there is little 

information on Italian ryegrass’ response to moisture stress grown both in a monoculture and in 

competition with wheat. The use of a moisture gradient allows us to evaluate a gradual decrease 

in soil moisture content and its effect on weed-crop interactions. Thus, the objective of this study 

is to evaluate the physiological response of wheat and Italian ryegrass to various levels of soil 
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moisture in terms of growth, and shoot and biomass accumulation when grown as monocultures 

or in competition with each other in a sandy loam soil.  

 

Materials and Methods 

Three water table depth gradient tanks were constructed according to specifications 

described in Henry et al. (2009) in a greenhouse at the Central Crops Research Station in 

Clayton, NC (35.66633° N, 78.507111° W). Each gradient tank was steeply sloped and had an 

approximate volume of 4 m3, and measured 2.4 m in length, 1.2 m in width, and was 1.8 m high 

on the back end and 0.3 m high on the front end (Figure 1A). Each tank was lined with a layer of 

3 mil plastic and had a 10 cm base of pea gravel to allow a water table to sit freely beneath the 

soil and provide a uniform substrate for water movement. A layer of approximately 3 cm of 

coarse sand was used to cover the pea gravel to reduce soil movement into the gravel layer. A 

standing pipe was placed on the back end to supply a steady flow of water to the gravel layer and 

a standpipe at the low end regulated the water table height. Tanks were filled with soil from the 

top 20 cm from a Norfolk loamy sand (fine-loamy, kaolinitic, thermic Typic Kandiudult) 

obtained from the Upper Coastal Plains Research Station located in Rocky Mount, NC. Soil was 

steamed to avoid germination of the natural weed seed bank. Tank surfaces were divided into 9 

rows, ranging in depth to the water table (DWT) from approximately 30 cm (row 1) to 155 cm 

(row 9). Soil volumetric water content near the surface changed gradually as distance from the 

water table increased (Figure 1B). Capillary fringe depth and distance from the water table were 

measured at time of harvest. Rows were spaced approximately 25 cm apart, and the top row was 

distanced 23 cm from the top side of the gradient tank. 
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Three species compositions were tested: wheat monoculture, Italian ryegrass (seed 

obtained from fields on the Piedmont Research Station in Salisbury, NC) monoculture and 

competition between the two.  Species composition was randomly assigned to each tank prior to 

planting. Winter wheat and Italian ryegrass, obtained from the Piedmont Research Station in 

Salisbury, NC, were planted on May 11, 2020. Four seeds of each species were planted directly 

into the soil, distanced 12.5 cm between each other within each row and thinned to one plant at 

emergence. To evaluate competition, species were planted in a 1:1 competition distanced 12.5 

cm from the next competition within each row. Temperature in the greenhouse averaged 30-35 C 

during the day and 23-26 C at night for the duration of the study. Natural light was supplemented 

with artificial light at 600 µmol m-2s-1 photosynthetic photon flux density in a 14-hour day to 

approximate to summer photoperiod. Irrigation was supplied through drip tape twice a day for 

approximately 3 weeks until over half of wheat plants had reached Feekes growth stage 1 (GS1) 

or the emergence of the first tiller (Feekes 1941). At this point and for the duration of the trial, 

irrigation was reduced to once every two days, and the underground water gradient was 

maintained for 3 weeks until termination of the trial. This level of irrigation was determined from 

preliminary studies, which determined that surface irrigation was needed to ensure plant survival, 

but still provide a stress response. Soil volumetric water content (VWC) was measured twice a 

week at 12 cm and 20 cm at each row using a HydroSense Soil Water Measurement System 

(Campbell Scientific, 815 West 1800 North, Logan, Utah). Degree of moisture stress was 

determined from these measurements.  

Plant height, tiller count and relative chlorophyll measurements were collected weekly 

for the duration of the trial. Relative chlorophyll measurements were taken using a SPAD-502 

chlorophyll meter (Minolta Camera Co., Japan). At the end of the three week moisture stress 
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period height, tiller count and plant biomass were collected. Plant biomass was calculated as the 

above-ground fresh and dry weight. Additionally, roots were excavated by hand to determine 

root biomass and length. Root biomass was calculated as the fresh and dry weight of the total 

root structure. Biomass and roots were dried in a box dryer at 60 C for 48 hours.  

An analysis of variance was conducted using the General Linear Model procedure of 

SAS (Version 9.4, SAS Institute Inc. Cary, NC 27513). Individual ANOVAs were conducted 

between species to analyze interactions, and sums of squares were partitioned to evaluate the 

effect species, competition, soil moisture and greenhouse trials using error partitioning 

appropriate to a split plot design. Species compositions were considered main plots and soil 

moisture was considered the subplot in the analysis. Study repetition was considered a random 

variable, and main effects and interactions were tested by the appropriate mean square associated 

with the random variable. Effect tests were presented with an alpha level of 0.05. Means with 

standard error bars that do not overlap are significantly different unless otherwise designated. 

Significant interactions and/or main effects were presented in SigmaPlot 14.0 (Systat Software, 

Inc., San Jose, CA, USA).  

 

Results and Discussion 

Soil volumetric water content measurements at 12 cm and 20 cm confirmed a continuous 

decreasing soil moisture content as DWT increased (Table 1). VWC in same number rows did 

not differ between gradient tanks in rows 4-9 at both 12 and 20 cm depth, which is not surprising 

as rows 1-3 were positioned below the capillary fringe (Figure 1). The bottom two rows 

exhibited a soil VWC at or above the nominal field capacity (13.5%) in loamy sand soils (Gajri 

and Prihar 1985).  
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A significant species by competition by soil moisture interaction was observed for height 

and shoot fresh and dry weight (Table 2). Species by competition interactions were observed for 

tiller number, chlorophyll content (Table 2) and root length (Table 3). Species by moisture 

content interactions were observed in chlorophyll content (Table 2), and root fresh and dry 

weight (Table 3). Competition by soil moisture interactions were observed for tiller number 

(Table 2), root fresh and dry weight and root length (Table 3).  

Plant height.  Italian ryegrass plants growing in monoculture were taller than wheat 

plants, when subjected to abundant soil moisture content. Wheat height was reduced as soil 

moisture content decreased in rows 6 through 8 in a monoculture (Figure 2). Wheat heights 

grown under competition were reduced compared to wheat grown in monoculture, and wheat 

height decreased as soil moisture content decreased in rows 5-6 and 7-8. Morgan (1995) reported 

that growth differences at high water deficit were accompanied by differences in water extraction 

but driven by evaporative demand. No differences in heights were observed between wheat 

grown in a monoculture or in competition in rows 1-5, where VWC was above 8% at 20 cm 

depth. Wheat height was reduced when grown in competition in rows 6-9 (Figure 2). The 

differences in wheat growth were likely the consequence of differences in leaf expansion and 

shoot osmoregulation (Morgan 1988). Reductions in leaf elongation rates due to water stress are 

the result of the impact water deficit has on stomatal opening and CO2 diffusion into the leaves, 

reducing photosynthetic carbon fixation (Pirasteh-Anosheh 2016; Saradadevi et al. 2017; Xu et 

al. 2016; Xu and Zhou 2008). Sobkowicz and Tendziagolksa (2005) reported shorter wheat 

heights when grown in an intercropping system with a mixture of oats (Avena sativa L.). In that 

study though wheat outcompeted oats in mixture, growth reductions were still observed. In the 

present study, Italian ryegrass grown in a monoculture had a gradual decrease in height as soil 
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moisture decreased through rows 5-9. When grown in competition, Italian ryegrass height was 

lowest when exposed to a reduced soil moisture content (VWC<6% at 20 cm depth). 

Competition had a greater effect on Italian ryegrass height when compared to wheat, as greater 

reductions were observed. When grown in competition with wheat, Italian ryegrass height was 

lower than when grown in a monoculture with abundant soil moisture (Figure 2). Height 

reductions were observed in both species as soil moisture content decreased which is similar to 

previous results (Boutra et al. 2010; Thomas et al. 1999). Blackshaw et al. (2005) reported 

growth reductions in wheat due to weed competition with cheatgrass (Bromus tectorum) even 

when attempting to compensate for said height loss through nitrogen applications, though 

nitrogen benefited weed growth more than crop growth.    

Final tillers. Water deficit reduced tiller count in both species grown in monocultures 

(Figure 4A). Italian ryegrass had an overall greater tiller count than wheat when both were grown 

in monocultures (Table 3). Plants in a monoculture had decreased tillering as moisture content 

decreased (Figure 4A). In competition, Italian ryegrass had a greater reduction in tiller number 

compared to wheat, which indicated competition had a greater effect on Italian ryegrass tillering 

than on wheat (Table 3). Competition and water stress both had a negative impact on tillering in 

both species as seen by Huel and Hucl (1996) and Blum et al. (1989). Competition and water 

deficit had a similar effect on tillering as both individually reduced tiller number by 

approximately 70% (Figure). Although height reductions due to competition with Italian ryegrass 

were observed in wheat, the effect of the weed was primarily a reduction in tiller number, 

agreeing with results reported by Liebl and Worsham (1987). Water deficit had a greater impact 

on Italian ryegrass tillering than in wheat as seen by Norris (1982) who attributed reductions in 

tillering to a reduced nitrogen uptake. Grain yield depends on the number of tillers that survive 
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until maturity, as well as spike length, fertile spikelets, seeds per ear and grain size (Akram 

2011). Even in tolerant genotypes, yield and yield components are reduced in drying soil. 

Tillering was lower in plants grown in competition than when grown in a monoculture regardless 

of moisture content as seen by Kirkland and Hunter (1991), Satorre and Snaydon (1992), Huel 

and Hucl (1996) Das and Yaduraju (1999), and Welsh et al. (1999).  

Relative Chlorophyll Content. Leaf chlorophyll concentration is often well correlated 

with plant metabolic activity (Evans 1983; Seeman et al.  1987), plant stress (Eagles et al. 1983; 

Fanizza et al. 1991), as well as leaf N concentration (Wood 1993). Measuring chlorophyll 

content under water deficit and/or competition could indicate level of stress. Alley et al. (1986) 

suggested chlorophyll readings can potentially be used to predict wheat grain yield when taking 

dry matter at GS5 into consideration. Relative chlorophyll content was significantly reduced 

when Italian ryegrass was grown in competition when compared to growth in a monoculture 

(Table 3). Wheat grown in monoculture and in competition did not differ in relative chlorophyll 

content. Relative chlorophyll content decreased as moisture content decreased in both species. 

Wheat chlorophyll content was higher than Italian ryegrass regardless of soil moisture content 

(Figure 5A). Reduction in relative chlorophyll measurements were observed as soil moisture 

content decreased, similarly to what was reported by Beltrano and Ronco (2008) and Nikolaeva 

et al. (2010). 

Biomass. Biomass has been positively correlated to yield production in wheat both at 

anthesis and at maturity (Austin et al 1977). Kang et al. (2002) reported wheat grain yield 

increased with biomass until a value of approximately 14,000 kg biomass ha-1, after which yield 

remained more or less constant. Plant shoot dry biomass was significantly greater in both species 

when grown in a monoculture than when grown in competition (Figure 3). Thorsted et al. (2006) 
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reported biomass reduction in wheat when grown in competition with white clover (Trifolium 

repens). Both species had a steady decrease in dry biomass at water deficit when grown in 

monocultures. At VWC above 15% at 20 cm depth, significantly greater dry biomass was 

observed in Italian ryegrass when compared to wheat when both were grown in monocultures. 

However, when grown under competition, wheat had significantly greater dry biomass 

accumulation when not under moisture stress. At VWC above 11% at 20 cm depth, significant 

reductions in wheat dry biomass were observed when in competition with Italian ryegrass 

(Figure 3). Italian ryegrass dry biomass was not significantly affected with decreasing moisture 

content when grown in competition. No significant differences in dry biomass were observed 

between both species grown in monocultures and in competition at water deficit (Figure 3). 

Italian ryegrass had a greater reduction in biomass caused by competition with wheat when soil 

moisture content was not limited (Figure 3) as reported by Barret and Campbell (1973). Water 

deficit reduced plant biomass in both species as seen by Xu and Zhou (2006) and Xu et al. 

(2006).  The change in moisture content preceded the overall reduction of relative plant size, and 

it was associated with increased biomass allocation to roots and a reduced tiller production as 

reported by Kalapos et al. (1996). An increase in wheat density would negatively influence 

Italian ryegrass biomass and vice versa (Hashem et al. 2000).  

Root biomass and length. A significant reduction in root biomass observed in both 

wheat and Italian ryegrass grown in competition. Root biomass significantly decreased as 

moisture content decreased in both species (Figure 4B, C). Though root biomass was greater for 

wheat compared to Italian ryegrass when VWC was above 6% at 20 cm depth, no significant 

differences were observed between the two species at water deficit when VWC was below 6% at 

20 cm depth (Figure 4B). In a monoculture, Italian ryegrass roots were significantly longer than 
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when grown in competition or wheat whether grown in monoculture or competition were the 

overall longest (Table 4). No significant differences in root length were observed in wheat grown 

under competition and in monoculture (Figure 4C). However, Italian ryegrass root length was 

significantly reduced when grown in competition. Wheat and Italian ryegrass had a similar 

response to decreasing soil moisture content as roots were significantly longer at water deficit 

regardless of competition. No roots from either species grown in the bottom rows of the gradient 

tanks were observed in the gravel layer. The serious water deficit condition greatly encouraged 

below-ground growth as seen by Zhang (2009). At the whole-plant level, above-ground biomass 

decreased as moisture content decreased, while biomass partitioning changed in favor of root 

growth so that the plant could exploit the limiting water resource more efficiently as seen by 

Kalapos et al. (1996). Root weight decreased while root length increased under water deficit. 

Plants under water stress often penetrate more deeply into the soil profile in search of available 

water rather than invest in root mass production. Root growth and root distribution along the soil 

profile is affected by many factors; of these, soil moisture availability and genetic background 

are particularly important (Siddique et al., 1990, Benjamin and Nielsen, 2006). 

Both competition and moisture stress had detrimental effects on wheat and Italian 

ryegrass growth. Significant above-ground growth reductions were observed in both species 

when grown in competition and when subjected to decreasing soil moisture content. Wheat’s 

response to competition and moisture was observed mostly in its reduced tiller number, as 

reductions in height, although statistically significant, were approximately 10 cm when subjected 

to competition and moisture stress simultaneously. This reduction in tiller number likely led to 

significant reductions in wheat above-ground biomass under competition and moisture stress. 

Italian ryegrass, on the other hand, showed greater sensitivity to stress caused by competition 
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with wheat and decreasing soil moisture content. Greater reductions in height, tiller number and 

biomass were observed in Italian ryegrass under competition and water deficit compared to 

wheat. Root growth under moisture stress conditions was favored over above-ground growth. 

Root length in both species increased as soil moisture content decreased. However, Italian 

ryegrass grown roots were shortest when grown in competition, while wheat root length did not 

differ between grown in a monoculture or in competition. The above results may imply that, 

although reductions were observed, wheat has a greater tolerance to stress caused by competition 

and moisture stress than Italian ryegrass.  
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Table 1. Volumetric water content at 12 cm and 20 cm 

depth. 

       

  Depth 

Row   12 cm     20 cm    

       

1  14.56% A  19.22% A 

2  13.33% B  15.67% B 

3  11.22% C  11.56% C 

4  9.33% D  9.56% D 

5  7.89% E  8.67% E 

6  6.89% F  6.11% F 

7  5.78% G  6.11% F 

8  5.44% G  5.78% F 

9   4.56% H   4.78% G 

*Different letters within the same column indicate 

significance (P≤0.05) 
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Table 2. ANOVA results for split-plot analysis for height, tiller number, relative chlorophyll measurements, and shoot fresh and 

dry biomass. 

Source df Height Tiller Number SPAD 

Shoot Fresh 

Biomass 

 Shoot Dry 

Biomass 

    F  P - Value F  P – Value F  P - Value F  P - Value F  P - Value 

Rep 3 0.42 0.7419 2.35 0.0742 1 0.3919 0.29 0.8312 0.34 0.7961 

Run 1 10.6 0.0014 0.77 0.3825 0 0.9515 2.68 0.103 3.84 0.0515 

Species 1 1.58 0.2109 17.1 <.0001 117 <.0001 0.03 0.8724 2.29 0.1321 

Species*Run 1 0.33 0.566 0.84 0.3594 1.08 0.2997 0.94 0.3337 0.04 0.849 

Compa 1 53 <.0001 134 <.0001 13.1 0.0004 113 <.0001 109 <.0001 

Comp*Run 1 0.38 0.5372 0.93 0.335 0.48 0.4891 0.03 0.8575 0.26 0.6119 

Species*Comp 1 11.6 0.0008 17.7 <.0001 4.67 0.0318 10.4 0.0015 13.2 0.0004 

Species*Comp*Run 1 0 0.9955 1.35 0.2469 0.65 0.4213 0.08 0.7734 0.01 0.9362 

MCa 8 40.2 <.0001 29.5 <.0001 16 <.0001 32.6 <.0001 28.6 <.0001 

MC*Run 8 1.72 0.0965 1.44 0.1833 1.81 0.0778 0.75 0.6441 0.96 0.4722 

Species*MC 8 4.5 <.0001 0.94 0.4888 3.01 0.0033 2.29 0.0228 0.88 0.5309 

Species*MC*Run 8 1.45 0.1769 0.68 0.7058 1.4 0.1997 0.33 0.9555 0.58 0.7963 

Comp*MC 8 2.89 0.0046 6.51 <.0001 1.5 0.1586 14.7 <.0001 11.7 <.0001 

Comp*MC*Run 8 0.48 0.8692 0.71 0.6789 0.37 0.9367 0.78 0.6226 0.71 0.6816 

Species*Comp*MC 8 4.5 <.0001 1.39 0.2051 1.48 0.1663 3.9 0.0003 4.37 <.0001 

Species*Comp*MC*Run 8 1.22 0.289 0.66 0.7263 1.31 0.2383 0.62 0.7563 0.45 0.8925 

a. Abbreviation: Comp = Competition, MC = Moisture Content. 
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Table 3. ANOVA results for split-plot analysis of root fresh and dry biomass, and root length. 

Source df 

Root Fresh 

Biomass Root Dry Biomass  Root Length 

   F  P - Value F  P - Value F  P - Value 

Rep 3 0.86 0.4658 0.35 0.7868 0.51 0.6747 

Run 1 4.03 0.0466 3.24 0.0739 8.81 0.0035 

Species 1 62.23 <.0001 31.87 <.0001 0.56 0.4559 

Species*Run 1 0.71 0.4012 0.25 0.6194 0.03 0.8687 

Compa 1 24.51 <.0001 17.98 <.0001 19.87 <.0001 

Comp*Run 1 2.7 0.1025 9.67 0.0023 0.76 0.3857 

Species*Comp 1 1.26 0.2632 1.51 0.2207 24.53 <.0001 

Species*Comp*Run 1 0.07 0.7986 0.01 0.9099 5.98 0.0157 

MCa 8 13.79 <.0001 8.38 <.0001 109.78 <.0001 

MC*Run 8 1.97 0.0550 2.54 0.0130 1.02 0.4218 

Species*MC 8 3.06 0.0033 2.18 0.0321 0.82 0.5859 

Species*MC*Run 8 1.33 0.2337 1.58 0.1358 1.02 0.4245 

Comp*MC 8 3.3 0.0018 6.44 <.0001 2.28 0.0250 

Comp*MC*Run 8 1.14 0.3399 1.79 0.0843 1.36 0.2207 

Species*Comp*MC 8 1.87 0.0685 0.52 0.8395 1.89 0.0656 

Species*Comp*MC*Run 8 1.89 0.0667 2.22 0.0296 0.94 0.4856 

a. Abbreviation: Comp = Competition, MC = Moisture Content. 
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Table 4. Tiller number, relative chlorophyll measurements, and root length of wheat and Italian ryegrass 

grown in a monoculture or under competition. 

Species Competition   Tiller Number  SPAD  

Root 

Length 

        (cm) 

           

Wheat NO  13.5 B  45.1 A  38.4 B 

Wheat YES  7.6 C  44.1 A  38.8 B 

Italian ryegrass NO  20.1 A  39.3 B  42.6 A 

Italian ryegrass YES   7.7 C   35.3 C   36.0 C 

*Different letters within the same column indicate significance (P≤0.05) 
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Figure 1. A. Schematic of water table depth gradient box construction. B. Length section through 

a gradient tank showing, row placement, distance from the water table and capillary fringe of a 

loamy sand soil (Henry et al. 2009). 
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Figure 2. The effect of soil moisture content on wheat and Italian ryegrass height grown in a 

monoculture and in competition. 
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Figure 3. The effect of soil moisture content on wheat and Italian ryegrass dry biomass grown in 

a monoculture and in competition. 
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Figure 4. The effect of soil moisture content on tiller number (A), root dry biomass (B), and root 

length (C) averaged over species.  
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Figure 5. The effect of soil moisture content on wheat and Italian ryegrass tiller count (A) and 

root dry biomass (B) averaged over competition. 
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Abstract 

Climate change has increased the frequency and intensity of drought creating uncertainty 

for soybean [Glycine max (L.) Merr.] farmers. The year 2012 marked one of the worst droughts 

since the 1980s plummeting soybean production and increasing soybean prices around the world. 

Soybean is especially sensitive to drought stress during vegetative stages, causing early 

flowering and physiological maturity, and reducing yield due to a smaller seed size and number. 

Palmer amaranth (Amaranthus palmeri S. Watson) and large crabgrass [Digitaria sanguinalis 

(L.) Scop.] are ranked as two of the most troublesome and common weeds, respectively, in 

soybean crop production. Limited information on Palmer amaranth and large crabgrass 

interference in soybean cropping systems under water deficit conditions is available. Decreasing 

volumetric water content was observed as height from the water table increased. Species 

composition was made up of a monoculture of the three species (Soybean, Palmer amaranth and 

large crabgrass) and a paired combination of each. Soybean above-ground biomass reductions 

were observed as soil moisture content decreased regardless of competition. Although no 

reductions in above-ground biomass were observed in soybean grown in competition with 

Palmer amaranth, biomass was reduced when grown in competition with large crabgrass 

regardless of soil moisture content. Soybean height was reduced as soil moisture content 

decreased regardless of competition. Greatest heights were observed in soybean when grown in 

competition with Palmer amaranth regardless of moisture content. Leaf number was initially 

decreased by competition, but as soil moisture content decreased leaf number did not differ 

between soybean grown in a monoculture or in competition. Soybean root length increased as 

soil moisture content decreased regardless of competition. Palmer amaranth had no above-

ground response to soil moisture content regardless of competition. This is attributed to an 
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increase in root length as soil moisture content decreased regardless of competition. Large 

crabgrass heights, shoot biomass and root biomass decreased as soil moisture content decreased, 

as well as when grown in competition. Reductions in tillering were observed in large crabgrass 

when grown in competition regardless of soil moisture content. Root length increased as soil 

moisture content decreased in large crabgrass grown in a monoculture and in competition with 

soybean. Decreasing water content and competition were found to be highly significant factors 

influencing soybean and large crabgrass growth. Palmer amaranth’s rapid root growth under 

moisture stress indicated a tolerance to moisture stress.  

Keywords: Drought, weed interference, moisture gradient, water deficit, moisture stress, 

competition.  
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Introduction 

Global food security is of deep concern because of climate change, rapid human 

population growth, and reduced arable land around the world (Rahaman et al. 2015). Soybean 

[Glycine max (L.) Merr.] is one of the most important crops in the world, being used as an oil 

seed crop, feed for livestock and aquaculture, a source of protein for human diet, and as a biofuel 

(Masuda and Goldsmith 2009). The United States is the biggest producer of soybean in the world 

with a production of over 120 million tonnes per year (FAO 2018). Soybeans are frequently 

grown in areas characterized by variable seasonal precipitation and temperate conditions 

(Momen et al. 1979). Limited water availability and weed interference are considered the main 

environmental factors affecting soybean cropping systems (Oerke 2006; Zhang et al. 2011). In 

2012, 87% of soybean arable land in the United States was affected by drought, causing soybean 

production to plummet by 25-30%. It is considered one of the most expensive natural disasters 

with Federal crop indemnity payments alone exceeding $17 billion (USDA 2013). Crop losses 

were especially large because the most severe drought conditions occurred during critical stages 

of crop development (Otkin et al. 2016). Reproductive tissue is produced on both the main-stem 

and the branches originating from the main-stem of the soybean plant (Board 1987; Cho et al. 

2005). Soybean exposed to drought stress during vegetative growth stages has shown to hasten 

flowering and physiological maturity, thus causing an inherent yield loss due to a smaller plant 

and smaller seed size (Desclaux and Roumet 1996). Drought stress at anthesis has been reported 

to increase pod abortion in soybean (Liu et al. 2003). Even relatively short periods of water stress 

during the soybean growth stage have been found to substantially reduce soybean plant height 

(Momen et al. 1979). Irrigation during vegetative growth stages after being exposed to drought 

stress enhanced growth, but led to little effect on yield recovery (Ashley and Ethridge 1978). 
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Additionally, irrigation has rarely been found to be financially feasible in soybean cropping 

systems.  

Weeds and crops interact primarily by competing for shared resources such as light, 

nutrients, water, and space. This competition effect is further driven by ecological factors such as 

weed emergence timing relative to the crop (Dieleman et al. 1996; Knezevic et al. 1994), weed 

density (Dunan et al. 1995), duration of competition (Swanton et al. 2015), and morphology and 

life history of the weed species (Davis et al. 2015). Palmer amaranth (Amaranthus palmeri S. 

Watson) and large crabgrass [Digitaria sanguinalis (L.) Scop.] are ranked as two of the most 

troublesome and common weeds, respectively, in soybean crop production (Van Wychen 2016). 

Palmer amaranth is among the most problematic of the Amaranthus species in the United States 

and is considered the most aggressive due to its rapid growth rate, biomass accumulation, total 

leaf area and high reproductive capacity (Bensch et al. 2003, Guo and Al-Khatib 2003; Horak 

and Loughin 2000; Johnson 2000; Norsworthy et al. 2014). Despite Palmer amaranth’s invasive 

tendencies and history of expansion range, its emergence as a major agronomic weed is 

relatively recent (Ward et al. 2013). Amaranthus palmeri was not considered a troublesome weed 

in soybean cropping systems in a 1974 survey (Buchanan 1974), and its first report in the annual 

survey of The Southern Weed Science Society occurred in 1989 in South Carolina. In 1995, 

Palmer amaranth was not even among the top 10 most troublesome weeds in states besides North 

Carolina and South Carolina (Webster and Coble 1997). By 2010, it was ranked the second most 

troublesome weed in soybean (ranked #23 in 1995) (Webster and Nichols 2012), and it has 

become the most economically damaging glyphosate-resistant weed species in the United States 

(Beckie 2006). The management of glyphosate resistant Palmer amaranth has been an increasing 

concern for soybean growers (Jordan et al. 2011; Prostko 2011; Scott et al. 2011; Steckel et al. 
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2012a,b). Bensch et al. (2003) reported a reduction of soybean grain yield by as much as 78% at 

a density of only 8 Palmer amaranth plants m-2. A major issue is that herbicides used in place of 

glyphosate to control emerged Palmer amaranth in soybean, such as fomesafen and lactofen, 

must be applied before Palmer amaranth is 8 cm tall to be effective (Prostko 2011; Steckel et al. 

2012b). If that window is missed, soybean crops are often tilled up and replanted in the southern 

United States (Norsworthy et al. 2012; Steckel et al. 2012b). Soybean, however, has shown to 

have an impact on Palmer amaranth seed production. Without competition, Palmer amaranth can 

produce up to 1 million seeds per plant (Keeley et al. 1987), whereas when in competition with 

soybean, seed production can be reduced to 500,000 seeds per plant (Ward et al. 2013).  

Large crabgrass, a common weed in many cropping systems, was originally brought to 

the United States as a forage grass (Van Wychen 2016; Dickinson and Royer 2014). It has the 

capacity to produce a large number of seeds per plant and has two main cohorts during the 

season facilitating its long-term survival (Oreja and de la Fuente 2005). Moreover, because seeds 

remain in the topsoil layer, there is a high emergence rate (Benvenuti et al. 2001). Although it is 

not ranked as a highly problematic weed due to available efficacious POST herbicides (Kemble 

2017), Basinger et al. (2019) predicted reductions in soybean growth due to large crabgrass from 

0% to 37% for densities of 1 to 16 plants m-2 with a maximum yield loss estimate of 50%. Oreja 

and Gonzalez-Andujar (2007) reported losses in soybean yield of over 50% with a density of 5 

plants m-2. Significant yield losses have also been reported in crops such as cotton, watermelon 

[Citrullus lanatus (Thunb.) Matsum. & Nakai], grain sorghum [Sorghum bicolor (L.) Moench 

ssp. bicolor], sweetpotato [Ipomoea batatas (L.) Lam.], snap bean (Phaseolus vulgaris L.), and 

bell pepper (Capsicum annum L.) (Aguyoh and Masiunas 2003; Basinger et al. 2019; Byrd and 

Coble 1991; Fu and Ashley 2006; Monks and Schultheis 1998; Smith et al. 1990). In spite of 
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such an effective control, researchers have found that large crabgrass has maintained or even 

increased its density in no-tillage systems, especially in maize-soybean rotations (Zanin et al. 

1997; Tuesca et al. 2001; Davis et al. 2005; Puricelli and Tuesca 2005). 

Large crabgrass and Palmer amaranth are pervasive in soybean cropping systems but 

despite a large amount of research has been conducted on season-long weed interference in 

soybean, much of the focus has been on yield loss associated with increasing weed densities. 

There is limited information available on Palmer amaranth and large crabgrass’ response to 

interspecific competition in reduced soil moisture conditions. Thus, the objective of this study is 

to evaluate the physiological response of soybean, Palmer amaranth and large crabgrass growth, 

and shoot and biomass accumulation to various levels of soil moisture when grown in 

monoculture or in competition with each other in a sandy loam soil. 

Materials and Methods 

Six water table depth gradient tanks were constructed according to specifications 

described in Henry et al. (2009) in a greenhouse at the Central Crops Research Station in 

Clayton, NC (35.66633° N, 78.507111° W). Each gradient tank was steeply sloped and had an 

approximate volume of 4 m3, measured 2.4 m in length and 1.2 m in width, and was 1.8 m high 

on the back end and 0.3 m high on the front end (Figure 1A). Each tank was lined with a layer of 

3 mil plastic and had a 10 cm base of pea gravel to allow a water table to sit freely beneath the 

soil and provide a uniform substrate for water movement. A layer of approximately 3 cm of 

coarse sand covered the pea gravel to reduce soil movement into the gravel layer. A standing 

pipe was placed on the back end to supply a steady flow of water to the gravel layer and a 

standpipe at the low end regulated the water table height. Tanks were filled with soil from the top 

20 cm from a Norfolk loamy sand (fine-loamy, kaolinitic, thermic Typic Kandiudult) obtained 
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from the Upper Coastal Plains Research Station located in Rocky Mount, NC. Soil was steamed 

to avoid germination of the natural weed seed bank. Tank surfaces were divided into 9 rows 

ranging in depth to the water table (DWT) from approximately 30 cm (row 1) to 155 cm (row 9). 

Soil volumetric water content near the surface changed gradually as distance from the water table 

increased (Figure 1B). Capillary fringe depth and distance from the water table were measured at 

time of harvest. Rows were spaced approximately 25 cm apart, and the top row was distanced 23 

cm from the top side of the gradient tank.  

Six species compositions were tested: three monocultures of soybean, Palmer amaranth 

(seed obtained from Central Crops Research Station located in Clayton, NC), and large crabgrass 

(seed obtained from the Upper Coastal Plains Research Station located in Rocky Mount, NC) 

and three 1:1 competitions between each (Soybean/large crabgrass, Soybean/Palmer amaranth 

and Palmer amaranth/Large crabgrass). Soybeans were planted on July 20, 2020 and August 3, 

2020, distanced 12.5 cm between each other within each row, at a density of three seeds per 

planting spot to ensure emergence, and each spot was thinned to one plant at emergence. Palmer 

amaranth and Large crabgrass were seeded in trays with a Norfolk sandy loam soil on July 20, 

2020 and August 3, 2020 and were transplanted when each reached a height of 5 cm. 

Temperature in the greenhouse averaged 33 C during the day and 23 C at night. Natural light was 

supplemented with artificial light at 600 µmol. m-2.s -1 photosynthetic photon flux density in a 

14-hour day to approximate to summer photoperiod. Irrigation was supplied through drip tape 

twice a day until soybeans reached vegetative growth stage V4. At this point and for the duration 

of the trial, irrigation was reduced to once every two days, and the underground water gradient 

was maintained for 3 weeks until termination of the trial. This level of irrigation was determined 

from preliminary studies which determined that surface irrigation was needed to ensure plant 
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survival, but still provide a stress response.  Soil volumetric water content (VWC) was measured 

twice a week at 12 cm and 20 cm for each row in each tank using a HydroSense Soil Water 

Measurement System (Campbell Scientific, 815 West 1800 North, Logan, Utah) 

Plant height and relative chlorophyll measurements were collected weekly for the 

duration of the trial. Additionally, weekly tiller counts were taken for large crabgrass. Relative 

chlorophyll measurements were taken using a SPAD-502 chlorophyll meter (Minolta Camera 

Co., Japan).  At the end of the three week moisture stress period, height, total leaf number, and 

plant biomass were collected. Plant biomass was calculated as the total above-ground fresh and 

dry matter production. Additionally, roots were excavated by hand to determine root weight and 

length. Root weight was calculated as the fresh and dry weight of the total root structure. 

Biomass and root were dried in a box dryer at 60 C for 48 hours.  

An analysis of variance was conducted using the General Linear Models procedure of 

SAS (Version 9.4 SAS Institute Inc. Cary, NC 27513). Individual ANOVAs were conducted 

between species to analyze interactions, and sums of squares were partitioned to evaluate the 

effect species competition, soil moisture and greenhouse trials using error partitioning 

appropriate to a split plot design. Species compositions were considered main plots and soil 

moisture was considered the subplot in the analysis. Study repetition was considered a random 

variable, and main effects and interactions were tested by the appropriate mean square associated 

with the random variable. Effect tests were presented with an alpha level of 0.05. Means with 

standard error bars that do not overlap are significantly different unless otherwise designated. 

Significant interactions and/or main effects were presented in SigmaPlot 14.0 (Systat Software, 

Inc., San Jose, CA, USA).  
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Results and Discussion 

Volumetric water content measurements at 12 cm and 20 cm indicated a decreasing soil 

moisture content as DWT increased in each row (Table 1). VWC in same number rows did not 

differ between gradient tanks in rows 4-9 at both 12 and 20 cm depth, which is not surprising as 

rows 1-3 were positioned below the capillary fringe (Figure 1). The bottom two rows exhibited a 

soil VWC at or above the nominal field capacity (13.5%) in loamy sand soils (Gajri and Prihar 

1985).  

Analysis of variance indicated a significant species effect (Table 2, 3); therefore, results 

were analyzed and will be presented by species main effects. A significant competition by soil 

moisture interaction was observed for soybean height, leaf number, root fresh and dry weight, 

and root length (Table 4, 5). Palmer amaranth root length was the only parameter impacted by 

soil moisture content. Significant competition effects were observed for chlorophyll content, 

number of leaves, root fresh weight and root length (Table 6, 7). A significant competition by 

soil moisture interaction was observed for large crabgrass tiller number, chlorophyll content and 

root length (Table 8, 9).  

Soybean. Soybean shoot dry biomass was impacted by competition level, with 

significant reduction only observed when soybean was grown in competition with large 

crabgrass (Table 10). Interestingly, no reduction in shoot dry biomass was observed when 

soybean was grown in competition with Palmer amaranth. Additionally, a linear decrease in 

soybean shoot dry biomass was observed as soil moisture content decreased, regardless of 

competition level (Figure 2). Significant competition by soil moisture interactions were observed 

for soybean height, leaf number, root biomass, and root length (Table 4, 5). Height reductions in 

soybean were observed soil moisture content decreased, regardless of competition level. Soybean 
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grown in a monoculture and in competition with large crabgrass did not differ in height when 

VWC was above 11.5% at 20 cm depth. Soybean was significantly taller grown in competition 

with Palmer amaranth than when grown in a monoculture and in competition with large 

crabgrass. (Figure 3A). 

Reductions in soybean leaf number were observed as soil moisture content decreased. 

Under no moisture stress, reductions in soybean leaf number were observed when grown in 

competition. However, the number of leaves did not differ at when VWC was below 6.5% in 

soybean regardless of competition. Leaf number response to decreasing soil moisture content 

was similar between soybeans grown in competition (Figure 3B). Reductions in soybean leaf 

number were attributed to a reduction in stem growth and a reduced formation of axillary buds 

(Mason et al. 1988). Vidal et al. (2012) reported shade stressed plants may favor stem elongation 

and area per leaf over the number of leaves, similar to the elongated stems observed in soybean 

when grown in competition with Palmer amaranth. Reduction in plant size due to competition 

have been observed to lead to a reduced number of axillary buds, decreasing leaf production 

(Flint and Patterson 1983).  

A reduction in total biomass is often the result of smaller plants with fewer leaves due to 

water deficit and competition, agreeing with results reported by da Silva et al. (2008). Though 

Palmer amaranth had a significant effect on soybean growth seen in elongated planted with fewer 

leaves, no reductions were observed in shoot biomass. Similarly, Basinger et al. (2019) reported 

no differences in soybean biomass per m-2 regardless of Palmer amaranth density. However, 

reductions in soybean shoot biomass were observed when in competition with large crabgrass, 

contrasting the results reported by Basinger et al. (2019).  
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Soybean root biomass and length responded with an increase as soil moisture content 

decreased when grown in a monoculture (Figures 4A, B). Under competition however, soybean 

root biomass decreased with decreasing soil moisture content (Figure 4A) Soybean root length 

increased with decreasing soil moisture content regardless of competition (Figure 4B). Though 

root biomass decreased with decreasing soil moisture content when in competition, soybean root 

length was greatest when VWC was below 6.5% at 20 cm depth in competition with Palmer 

amaranth (Figure 4A). 

 Under competition, plants struggle for available soil water and nutrients (Patterson 1985; 

Zimdahl 2004). Soybean grown in competition with Palmer amaranth responded differently than 

when in competition with large crabgrass. While soybean shoot fresh biomass was reduced when 

in competition with large crabgrass, it was not affected when in competition with Palmer 

amaranth due to etiolated soybean plants. Root dry biomass did not differ between competition 

levels regardless of soil moisture content, but increased root length was observed when in 

competition with Palmer amaranth as soil moisture content decreased. An increase in moisture 

stress occurs in plants under competition leading to an increase in root length (Patterson 1995). 

While soybean grown in competition with large crabgrass did present above ground reductions, 

its competition was merely at ground level. The large above- and below-ground tissue of Palmer 

amaranth likely influenced soybean growth through reduced light interception in soybean leaves 

and an increase in soil water deficit caused by Palmer amaranth’s high water uptake (Vidal et al. 

2012; Ward et al. 2013).  

Soil moisture content did not affect soybean height, leaf number, shoot dry biomass and 

root length grown in a monoculture and in competition. At the whole-plant level, above-ground 

biomass decreased as water content decreased, while biomass partitioning changed in favor of 
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root growth. This could allow plants to exploit the limiting water resource more efficiently as 

seen by Kalapos et al. (1996). Under competition, root dry biomass decreased, but root length 

increased with decreasing soil moisture content. A decrease in root weight occurs in the upper 

soil layers as roots penetrate deeper in the soil (Robertson et al. 1980).   

Palmer amaranth. Palmer amaranth root length was the only parameter affected by soil 

moisture gradient while leaf number, relative chlorophyll measurements, root fresh biomass and 

root length were affected by competition (Table 11). Palmer amaranth leaf number was 

significantly reduced when grown in competition with soybean when compared to competition 

with large crabgrass (Table 11). Yet, no differences in leaf number were observed between 

Palmer amaranth grown in a monoculture and in competition. Basinger et al. (2019) reported 

reductions in biomass per plant when grown with soybean, yet biomass was unaffected by 

competition in this study. Relative chlorophyll measurements were reduced in Palmer amaranth 

grown in competition with soybean, but did not differ when grown in competition with large 

crabgrass. Interestingly, root fresh biomass in Palmer amaranth was greater when grown in 

competition with large crabgrass than when grown in a monoculture and in competition with 

soybean (Table 11).Root length was the only growth parameter affected by soil moisture 

gradient, and Palmer amaranth root length increased as soil moisture content decreased (Figure 

5). Wright et al. (1999a) reported Palmer amaranth had numerous roots of great length and 

smaller diameter, which likely translated into better ability to harvest limited and unevenly 

distributed nutrients and moisture in the soil profile, which could explain how soil moisture 

content was only significant on root length. Wright et al (1999b) reported Palmer amaranth 

grown in crop production scenarios in North Carolina, partitioned a greater proportion of total 
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biomass to root production than soybean. Palmer amaranth’s rapid growth and large roots 

allowed it to outgrow soybean and large crabgrass. 

Large crabgrass. Reductions in large crabgrass shoot biomass and root biomass were 

observed when grown in competition (Table 12). Large crabgrass shoot biomass was reduced 

when grown in competition with Palmer amaranth (Table 12). Additionally, reductions in large 

crabgrass height, shoot biomass and root biomass were observed as soil moisture content 

decreased (Figures 6 A, B, C). A significant competition by soil moisture interaction was 

observed for tiller number, chlorophyll content and root length (Table 12).  

Tiller numbers in large crabgrass were reduced as a consequence of competition. The 

impact competition had on large crabgrass tiller numbers did not differ between plants grown in 

competition with Palmer amaranth and soybean (Figure 7A). There was no difference observed 

in large crabgrass tiller numbers under competition as soil moisture content decreased. 

Interestingly, a slight increase in tillering was observed as soil moisture content decreased in 

large crabgrass grown in a monoculture (Figure 7A). 

Mohsenzadeh et al. (2006) reported similar reductions in the growth rate of grasses under 

drought conditions as a result of decreased photosynthetic rates. Basinger et al. (2019) reported 

large crabgrass biomass per plant was greater across all densities when grown without soybean. 

Mahalakshmi and Bidinger (1986) reported the increase in tillering in pearl millet [Pennisetum 

glaucum (L.) R. Br.] as an important mechanism conferring adaptation to low and erratic rainfall, 

marking a capacity to compensate for its reduction in size caused by water stress. A slightly 

similar response was observed in large crabgrass in this experiment. The effects of moisture 

stress and competition had a similar effect on overall plant development, both reduced plant 

above-ground and underground growth (Aldrich 1984; Harper 1977; Radosevich et al. 1984). 
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When grown in competition with soybean, large crabgrass relative chlorophyll content 

was lowest compared to grown in a monoculture or in competition with Palmer amaranth when 

not under moisture stress. However, there was no difference in relative chlorophyll content 

between large crabgrass grown in a monoculture or in competition as soil moisture content 

decreased. There was no response in large crabgrass relative chlorophyll content as moisture 

content decreased. (Figure 7A).  

Large crabgrass root length was significantly impacted by soil moisture, with increasing 

length when exposed to decreasing soil moisture content when grown either in a monoculture or 

in competition with Palmer amaranth (Figure 7C). There were no differences in root length for 

large crabgrass grown under competition with soybean regardless of soil moisture content. The 

primary effect of weed species on crop growth and yield is through competition for the limited 

environmental factors such as nutrients and water (Patterson 1995) which were also limited 

under drought conditions. Competition with either soybean or Palmer amaranth led to reductions 

in large crabgrass root length, regardless of soil moisture content (Figure 7C). Competition had a 

greater effect on large crabgrass growth than soil moisture content. The impact level competing 

plant species have on each other depends on the relative ability each species has to obtain the 

resource and tolerate a deficit of the resource. The use of those resources is especially important 

in competition under environmental stress conditions (Patterson 1995).  
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Table 1. Soil volumetric water content at 12 cm and 20 cm depth. 
        

 Depth 

Row  12 cm   20cm  
        

1  14.19% A  18.62% A 

2  13.33% B  15.68% B 

3  11.34% C  11.56% C 

4  9.32% D  9.41% D 

5  8.02% E  8.54% E 

6  6.87% F  6.33% F 

7  5.81% G  5.92% G 

8  5.56% G  5.86% G 

9  4.67% H   4.94% H 

*Different letters within the same column indicate significance 

(P≤0.05) 
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Table 2. ANOVA results for split-plot analysis for height, tiller number, relative chlorophyll measurment, leaf number, and shoot fresh 

and dry biomass. 

Source df Height Tiller Numberb SPAD Leaf Numberc 
Shoot Fresh 

Biomass 

 Shoot Dry 

Biomass 

    F  
P -

Value 
df F  

P -

Value 
F  

P -

Value 
df F  

P -

Value 
F  

P -

Value 
F  

P -

Value 

Rep 3 1.76 0.1546 3 2.52 0.0598 2.15 0.0935 3 3.07 0.0283 3.21 0.0228 0.11 0.9539 

Run 1 2.78 0.0963 1 50.2 <.0001 16.5 <.0001 1 12.3 0.0005 0.41 0.5242 1.36 0.2437 

Species 2 266 <.0001 0 . . 18.7 <.0001 1 181 <.0001 229 <.0001 48.9 <.0001 

Species*Run 2 5.67 0.0037 0 . . 4.52 0.0114 1 13.2 0.0003 0.07 0.9326 0.81 0.4471 

Compa 2 3.89 0.0212 2 125 <.0001 3.93 0.0204 2 4.21 0.0157 7.62 0.0006 3.59 0.0283 

Comp*Run 2 12.9 <.0001 2 16.5 <.0001 0.18 0.8332 2 7.79 0.0005 4.94 0.0075 1.17 0.3101 

Species*Comp 4 11.9 <.0001 0 . . 0.82 0.5135 2 5.72 0.0036 3.98 0.0035 2.88 0.0224 

Species*Comp*Run 4 14.5 <.0001 0 . . 0.79 0.5346 2 6.92 0.0011 5.68 0.0002 1.53 0.1929 

Mca 8 8.93 <.0001 8 4.01 0.0002 0.99 0.4443 8 1.28 0.2525 0.83 0.5773 0.6 0.7768 

Run*MC 8 1.36 0.2136 8 1.82 0.0766 0.77 0.6281 8 0.81 0.597 0.42 0.9114 0.54 0.8268 

Species*MC 16 1.91 0.0178 0 . . 0.87 0.6088 8 1.55 0.1408 0.83 0.6466 0.95 0.514 

Species*Run*MC 16 0.81 0.6795 0 . . 1.12 0.3289 8 0.73 0.6615 0.34 0.9925 0.55 0.9224 

Comp*MC 16 1.09 0.3634 16 1.81 0.0347 0.7 0.7925 16 0.83 0.6485 0.86 0.6146 1.17 0.2871 

Comp*Run*MC 16 0.92 0.549 16 1.51 0.1007 1.21 0.2543 16 1.67 0.0508 1.65 0.0524 1.5 0.0942 

Species*Comp*MC 32 1.35 0.098 0 . . 1.16 0.2535 16 0.84 0.6425 0.84 0.7241 1.19 0.2242 

Species*Comp*Run*MC 32 1.14 0.2764 0 . . 0.87 0.67 16 1.62 0.0615 1.59 0.0229 1.47 0.0483 

a. Abbreviation: Comp = Competition, MC = Moisture Content b. Tiller values shown only for large crabgrass. c. Leaf number values 

only shown for soybean and Palmer amaranth.  
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Table 3. ANOVA results for split-plot analysis for root fresh and dry biomass, and root length. 

Source df 

Root Fresh 

Biomass  

Root Dry 

Biomass   Root Length 

    F  P -Value F  P -Value F  P -Value 

Rep 3 5.44 0.0012 3.72 0.0119 4.04 0.0077 

Run 1 11.3 0.0009 0.16 0.6884 54.47 <.0001 

Species 2 185.69 <.0001 114.55 <.0001 78.45 <.0001 

Species*Run 2 7.23 0.0008 20.47 <.0001 16.91 <.0001 

Compa 2 6.73 0.0014 8.78 0.0002 27.95 <.0001 

Comp*Run 2 2.72 0.0672 25.2 <.0001 4.16 0.0164 

Species*Comp 4 3.65 0.0064 11.21 <.0001 6.35 <.0001 

Species*Comp*Run 4 2.9 0.0223 8.5 <.0001 10.96 <.0001 

Mca 8 0.6 0.7758 1.02 0.4227 23.47 <.0001 

Run*MC 8 0.76 0.6427 0.29 0.9699 3.69 0.0004 

Species*MC 16 0.83 0.6549 1.55 0.0817 4.2 <.0001 

Species*Run*MC 16 0.73 0.7664 0.41 0.9798 1.96 0.0151 

Comp*MC 16 0.89 0.5788 1.68 0.0501 1.79 0.0315 

Comp*Run*MC 16 1.13 0.3278 0.6 0.8821 0.83 0.6467 

Species*Comp*MC 32 0.83 0.7382 1.48 0.049 0.98 0.5022 

Species*Comp*Run*MC 32 1.19 0.2299 0.65 0.9292 1.57 0.0286 

a. Abbreviation: Comp = Competition, MC = Moisture Content. 
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Table 4. ANOVA results for split-plot analysis for soybean height, chlorophyll content, leaf number, and shoot fresh 

and dry biomass. 

Source df Height 

Chlorophyll 

Content Leaf Number 

Shoot Fresh 

Biomass 

 Shoot Dry 

Biomass 

    F P -Value F P -Value F P -Value F P -Value F P -Value 

Rep 3 1.72 0.1647 1.21 0.3067 1.13 0.3399 0.91 0.4392 1.70 0.1699 

Run 1 22.5 <.0001 0.04 0.8392 1.30 0.2562 0.66 0.4188 0.92 0.3395 

Compa 2 140 <.0001 1.10 0.3357 10.8 <.0001 28.6 <.0001 8.81 0.0002 

Comp*Run 2 37.3 <.0001 0.45 0.6410 2.07 0.1290 0.22 0.8064 0.51 0.5989 

MCa 8 64.5 <.0001 0.85 0.5614 24.5 <.0001 26.3 <.0001 12.1 <.0001 

Run*MC 8 2.51 0.0135 1.08 0.3767 0.62 0.7566 2.04 0.0454 2.05 0.0438 

Comp*MC 16 2.28 0.005 0.97 0.4950 2.82 0.0005 0.94 0.5296 1.20 0.2758 

Comp*Run*MC 16 4.52 <.0001 1.00 0.4622 0.99 0.4724 1.43 0.1358 1.27 0.2200 

a. Abbreviation: Comp = Competition, MC = Moisture Content 
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Table 5. ANOVA results for split-plot analysis for soybean root fresh and dry biomass, 

and root length 

Source df 

Root Fresh 

Biomass 

Root Dry 

Biomass  Root Length 

    F  P -Value F  P -Value F  P -Value 

Rep 3 2.20 0.0924 1.85 0.143 0.68 0.5677 

Run 1 3.58 0.0612 0.09 0.7657 0.10 0.75 

Compa 2 31.77 <.0001 12.57 <.0001 8.29 0.0005 

Comp*Run 2 2.71 0.0712 0.97 0.3825 4.07 0.0199 

MCa 8 11.19 <.0001 8.62 <.0001 33.04 <.0001 

Run*MC 8 0.39 0.9232 1.28 0.2625 1.44 0.1893 

Comp*MC 16 3.74 <.0001 6.10 <.0001 3.36 <.0001 

Comp*Run*MC 16 0.87 0.6036 0.98 0.4861 0.46 0.961 

a. Abbreviation: Comp = Competition, MC = Moisture Content. 
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Table 6. ANOVA results for split-plot analysis of Palmer amaranth height, chlorophyll content, leaf number, and shoot fresh and 

dry biomass. 

Source df Height 

Chlorophyll 

Content Leaf Number 

Shoot Fresh 

Biomass 

 Shoot Dry 

Biomass 

    F P -Value F P -Value F P -Value F P -Value F P -Value 

Rep 3 3.14 0.0272 3.27 0.023 2.92 0.0362 2.9 0.0369 0.13 0.9441 

Run 1 3.24 0.0738 17.63 <.0001 12.54 0.0005 0.08 0.7806 0.95 0.3325 

Compa 2 0.45 0.6364 7.95 0.0005 4.79 0.0097 4.31 0.0151 2.78 0.0650 

Comp*Run 2 13.75 <.0001 2.24 0.1100 7.13 0.0011 5.46 0.0052 1.35 0.2625 

MCa 8 0.73 0.6616 0.54 0.8271 1.29 0.2542 0.66 0.7227 0.76 0.6425 

Run*MC 8 0.76 0.6346 0.48 0.8664 0.77 0.6338 0.37 0.9336 0.51 0.8502 

Comp*MC 16 1.19 0.2783 1.06 0.3960 0.80 0.686 0.80 0.6799 1.12 0.3405 

Comp*Run*MC 16 0.74 0.7514 0.60 0.8770 1.60 0.0753 1.63 0.0677 1.41 0.1452 

a. Abbreviation: Comp = competition, MC = Moisture Content 
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Table 7. ANOVA results for split-plot analysis of Palmer amaranth root fresh and dry 

biomass, and root length. 

Source df 

Root Fresh 

Biomass 

Root Dry 

Biomass Root Length 

  F P -Value F P -Value F P -Value 

Rep 3 6.42 0.0005 4.72 0.0040 8.60 <.0001 

Run 1 8.99 0.0034 7.95 0.0058 33.85 <.0001 

Compa 2 5.75 0.0043 2.30 0.1056 7.93 0.0006 

Comp*Run 2 3.14 0.0475 3.30 0.0407 0.75 0.4756 

MCa 8 0.87 0.5461 1.45 0.1868 15.00 <.0001 

Run*MC 8 0.86 0.5530 0.37 0.9356 3.94 0.0004 

Comp*MC 16 0.84 0.6414 1.53 0.1024 1.00 0.4616 

Comp*Run*MC 16 1.32 0.2022 0.67 0.8209 1.62 0.0762 

a. Abbreviation: Comp = competition, MC = Moisture Content. 
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Table 8. ANOVA results for split-plot analysis of large crabgrass height, tiller number, chlorophyll content, and shoot fresh and 

dry biomass. 

Source df Height Tiller Number 

Chlorophyll 

Content 

Shoot Fresh 

Biomass 

Shoot Dry 

Biomass 

  F P -Value F P -Value F 

P -

Value F P -Value F P -Value 

Rep 3 3.85 0.0108 2.52 0.0598 2.05 0.1093 3.36 0.0203 2.69 0.0486 

Run 1 11.4 0.0009 50.2 <.0001 126.86 <.0001 8.13 0.0050 8.57 0.0039 

Compa 2 23.67 <.0001 124.9 <.0001 4.54 0.0121 81.89 <.0001 42.83 <.0001 

Comp*Run 2 7.88 0.0006 16.54 <.0001 0.46 0.6304 2.93 0.0563 4.72 0.0102 

MCa 8 6.57 <.0001 4.01 0.0002 2.87 0.0052 14.72 <.0001 10.38 <.0001 

Run*MC 8 2.58 0.0114 1.82 0.0766 1.07 0.3844 0.43 0.8989 1.49 0.1633 

Comp*MC 16 1.24 0.2463 1.81 0.0347 1.88 0.0265 0.71 0.7853 0.52 0.9344 

Comp*Run*MC 16 2.63 0.0011 1.51 0.1007 1.82 0.0333 0.22 0.9995 0.56 0.9111 

a. Abbreviation: Comp = Competition. MC = Moisture Content.  
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Table 9. ANOVA results for split-plot analysis of large crabgrass root fresh and dry 

biomass, and root length. 

Source df 

Root Fresh 

Biomass 

Root Dry 

Biomass   Root Length 

   F P -Value F P -Value F P -Value 

Rep 3 3.91 0.011 4.47 0.0055 0.67 0.5723 

Run 1 1.19 0.277 2.44 0.1217 0.74 0.3911 

Compa 2 164.47 <.0001 29.72 <.0001 66.96 <.0001 

Comp*Run 2 0.64 0.5307 1.58 0.2112 0.95 0.3887 

MCa 8 7.93 <.0001 14.68 <.0001 13.5 <.0001 

Run*MC 8 0.17 0.9949 1.37 0.2170 1.15 0.3357 

Comp*MC 16 4.61 <.0001 9.04 <.0001 3.17 0.0002 

Comp*Run*MC 16 0.18 0.9998 1.63 0.0754 0.95 0.5197 

a. Abbreviation: Comp = Competition, MC = Moisture Content. 
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Table 10. Dry shoot biomass of soybean in monoculture and in 

competition with Palmer amaranth and large crabgrass. 

Species Competition Dry Biomass 

  (g) 

Soybean None 6.0 A 

 Palmer amaranth 5.8 A 

  Large crabgrass 4.7 B 

*Different letters within the column indicate significance (P ≤ 0.05). 
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Table 11. Leaf number, chlorophyll content, root fresh biomass and root length of Palmer 

amaranth in a monoculture and in competition with soybean and large crabgrass. 

Species Competition 

Leaf 

Number SPAD 

Root Fresh 

Biomass Root Length 
      (g) (cm) 

Palmer amaranth None 225 AB 43 A 283.9 B 44.9 B 

Soybean 174 B 41 B 265.9 B 54.5 A 

Large crabgrass 282 A 45 A 386.5 A 55.4 A 

*Different letters within the same column indicate significance (P≤0.05) 
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Table 12. Leaf number, chlorophyll content, root fresh biomass and root length of Palmer 

amaranth in a monoculture and in competition with soybean and large crabgrass. 

Species Competition Final Heights Dry biomass Root biomass 
  (cm) (g) (g) 

Large crabgrass None 112 A 8.5 A 2.1 A 
 Soybean 100 B 3.6 B 1.7 B 

  Palmer amaranth 98 B 6.3 C 1.8 B 

*Different letters within the same column indicate significance (P≤0.05) 
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Figure 1. A. Schematic of water table depth gradient box construction. B. Length section through 

a gradient tank showing, row placement, distance from the water table and capillary fringe of a 

loamy sand soil (Henry et al. 2009).  
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Figure 2. The effect of soil moisture content on soybean final height (A) and leaf count (B) in a 

monoculture and in competition with large crabgrass and Palmer amaranth. 
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Figure 3. Soybean dry biomass as affected by soil moisture content, averaged over competition. 
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Figure 4. The effect of soil moisture content on soybean root biomass (A) and root length (B) in 

a monoculture and in competition with large crabgrass and Palmer amaranth.  
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Figure 5. The effect of soil moisture content on Palmer amaranth root length averaged over 

competition level.  
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Figure 6. The effect of soil moisture content on large crabgrass height (A), shoot dry biomass (B), 

and root dry biomass (C) averaged over competition level.  
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Figure 7. The effect of soil moisture content on large crabgrass tiller number (A), chlorophyll 

content (B), and root length (C). 
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Abstract 
 

To analyze plant competition and moisture stress under controlled conditions, many 

experiments are conducted in greenhouses or growth chambers in which plants are grown in 

pots. The advantage of these experiments is the control of soil moisture content, and the control 

of weed species emergence and density, but pot size restricts root growth. The use of water table 

depth gradient tanks allow the evaluation of crop response at multiple levels of moisture stress 

with little growth restrictions potentially providing a more accurate description of those 

responses. Thus, the objective of this study was to validate the use of water table depth gradient 

tanks as a replacement to pot studies. We conducted two experiments using two methodologies. 

The first experiment consisted in a wheat and Italian ryegrass response to a moisture gradient 

under competition, and the second experiment consisted of a soybean, Palmer amaranth and 

large crabgrass response to a moisture gradient under competition. A simultaneous pot study 

methodology was employed for validation purposes. Significant correlations between wheat, 

Italian ryegrass, soybean, and large crabgrass response were observed between methods. Palmer 

amaranth’s rapid above- and below-ground growth in the gradient tanks, and smaller overall size 

in the pots resulted in no significant correlation between methods. Similar responses to moisture 

stress were observed in above-ground parameters in crops grown in monocultures and in 

competition between methods. The implementation of water table depth gradient tanks in our 

research allowed for a novel examination of the effect of various moisture stress levels on plant 

growth and competition. The large volume of soil in each gradient tank allowed unrestricted root 

growth and allowed a similar result to what we would expect in field studies. Contrary to the pot 

experiment, plants in the gradient tank were provided with a constant soil moisture content 
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during the duration of the stress period. Therefore, the results of this study suggest that gradient 

tanks are a viable option for conducting moisture stress studies. 
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Introduction 

 Plants are exposed to numerous stress factors during their life, and these stress factors 

usually affect plants simultaneously. Biotic (pathogen, competition with other organisms) and 

abiotic (drought, salinity, radiation, high temperature, freezing, etc.) stresses cause changes in 

normal physiological functions of all plants, including economically important cereals as well 

(Lichtenhaler 1966). In the most general sense, drought can be defined as a period without rain 

long enough to cause significant reduction in soil moisture content and plant growth (Jones 1992; 

Kozlowski and Pallardy 1997).  Drought stress, which is a natural stress factor, has the highest 

percentage with 26% of the land when the usable areas on earth are classified in view of stress 

factors (Kalefetoğlu and Ekmekci 2005). It is followed by mineral deficiency stress, and cold and 

freezing stress. Therefore, drought is one of the most widespread environmental stresses which 

affects growing and productivity. 

Drought induces many physiological, biochemical, and molecular responses on plants, so 

that plants are able to develop tolerance mechanisms, which may help plant adaptation and 

survival under limited moisture conditions (Arora et al. 2002). When water is lost in significant 

quantities, the immediate effect of the stress is the loss of plant cell turgor (Levitt 1980). 

Furthermore, under drought stress, photosynthesis decreases due to stomatal closure triggered to 

minimize transpiration. Also, there are other responses that generally occur upon longer and 

more severe water stresses ((Kalefetoğlu and Ekmekci 2005).  

 Mather (1961) defined competition as the presence of one individual as an effective part 

of the other’s environment and a similarity of need or activities so their impact on each other is 

prospectively detrimental. Weed interference is the term used to describe interactions among 

neighboring plants strongly affecting plant growth, development, and survival (Jolliffe 1988). 
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Sakai (1955) suggested that a plant’s competitive ability is a genetic characteristic controlled by 

multiple genes, whose action is influenced by environmental interactions. Competitive ability 

can be measured using vegetative growth rate or propagation rate, terms that are usually 

consistent with each other (Zimdahl 2004). The impact on cropping systems is due to the known 

fact that uncontrolled weed species are capable of outgrowing crops and influencing growth rate 

(Weber and Staniforth 1957).  

 To analyze plant competition and moisture stress under controlled conditions, many 

experiments are conducted in greenhouses or growth chambers in which plants are grown in 

pots. The advantage of these experiments is the control of soil water content, and the control of 

weed species, emergence, and density. Though pot size may influence plant growth by restricting 

root growth (Ray 1998), pots are still used in greenhouse and growth chamber experiments to 

this day. The use of water table depth gradient tanks make it possible to evaluate crop response 

to multiple levels of moisture stress with little growth restrictions (Henry et al. 2009). Though 

the gradient tank method has been used to evaluate moisture stress in the past, it has only been 

used in the evaluation of perennial cropping systems. Thus, the objective of this study is to 

validate the use of water table depth gradient tanks in the evaluation of two annual crop species 

and three weed species grown in monocultures and in competition at different moisture stress 

conditions by correlating results obtained from a pot experiment.   

 

Materials and Methods 

Two separate experiments were established with similar parameters to compare standard 

research practices to investigate moisture stress effects on crop and weed growth and 

competition using pots with a novel method utilizing greater soil volume and a sloped gradient 
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tank. The experiments were conducted concurrently in gradient tanks and pots using the same 

species. 

 In both experiments, water table depth gradient tanks were constructed according to 

specifications described in Henry et al. (2009) in a greenhouse at the Central Crops Research 

Station in Clayton, NC (35.66633° N, 78.507111° W). Each gradient tank was steeply sloped and 

had an approximate volume of 4 m3, and measured 2.4 m in length, 1.2 m in width, and were 1.8 

m high on the back end and 0.3 m high on the front end (Figure 1A). Each tank was lined with a 

layer of 3 mil black plastic and had a 10 cm base of pea gravel to allow a water table to sit freely 

beneath the soil and provide a uniform substrate for water movement. A layer of approximately 3 

cm of coarse sand was used to cover the pea gravel to reduce soil movement into the gravel 

layer. A standing pipe was placed on the back end to supply a steady flow of water to the gravel 

layer and a standpipe at the low end regulated the water table height. Tanks were filled with soil 

from the top 20 cm from a Norfolk loamy sand (fine-loamy, kaolinitic, thermic Typic 

Kandiudult) obtained from the Upper Coastal Plains Research Station located in Rocky Mount, 

NC. Soil was steamed to avoid germination of the natural weed seed bank. Tank surfaces were 

divided into 9 rows, ranging in depth to the water table (DWT) from approximately 30 cm (row 

1) to 155 cm (row 9). Soil volumetric water content near the surface changed gradually as 

distance from the water table increased (Figure 1B). Capillary fringe depth and distance from the 

water table were measured at time of harvest. Rows were spaced approximately 25 cm apart, and 

the top row was distanced 23 cm from the top side of the gradient tank. Soil volumetric water 

content (VWC) was determined twice a week at 12 cm and 20 cm at each row using a 

HydroSense Soil Water Measurement System (Campbell Scientific, 815 West 1800 North, 

Logan, Utah). Degree of moisture stress was determined from these measurements. 
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For the pot study, free drain green plastic pots (20 cm diameter and 20 cm height) were 

filled with steamed Norfolk loamy sand soil. Coffee filters were placed at the bottom of each pot 

to avoid loss of soil when watering, while allowing water to drain. Degree of moisture stress was 

applied using three watering treatments, for which a known amount of water would be applied to 

each pot until the pots reached a known weight equivalent to 80, 50, 30 and 15% of field 

capacity (FC). This biomass was obtained by the following formula:  

 

 [(DW-FCW)*FC%]+DW [1] 

 

where DW represents soil dry weight, FCW represents soil weight at FC, and FC% the 

percentage of water content at FC. Soil dry weight was obtained by weighing filled pots when 

soil was at its driest (1-2% VWC) prior to planting. Soil weight at FC was obtained by saturating 

soil and leaving to drain overnight. Moisture stress was induced for a period of three weeks. At 

the end of the moisture stress period VWC of each pot was obtained using a HydroSense Soil 

Water Measurement System. 

In the first experiment, three species compositions were tested: winter wheat (Triticum 

aestivum L.) monoculture, Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] 

monoculture (seed obtained from fields on the Piedmont Research Station in Salisbury, NC) and 

competition between the two. Species composition was randomly assigned to each half of a tank 

prior to planting. Wheat and Italian ryegrass were planted on May 11, 2020. Four seeds of each 

species were planted directly into the soil in the tanks and pots. Distance between planting spots 

was 12.5 cm between each within each row in the gradient tanks. To evaluate competition, 

species were planted in a 1:1 competition. Plants were thinned to one plant per 12.5 cm at 
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emergence. Density per species did not change between monocultures and competition. 

Irrigation was supplied through drip tape twice a day in the gradient tanks and hand watered once 

a day in the pots for approximately 3 weeks until over half of wheat plants had reached Feekes 

growth stage 1 (GS1) or the emergence of the first tiller (Feekes 1941). At this point and for the 

duration of the trial, irrigation was reduced to once every two days and the underground water 

gradient was maintained in the gradient tanks, as well as moisture stress was induced in the pots 

for 3 weeks until termination of the trial. Temperature in the greenhouse averaged 30-35 C 

during the day and 23-26 C at night for the duration of the study. Natural light was supplemented 

with artificial light at 600 µmol m-2 s -1 photosynthetic photon flux density in a 14-hour day to 

approximate to summer photoperiod. Plant height, tiller count and relative chlorophyll 

measurements were collected weekly for the duration of the trial. Relative chlorophyll 

measurements were taken using a SPAD-502 chlorophyll meter (Minolta Camera Co., Japan). At 

the end of the four week moisture stress period height, tiller count and plant biomass were 

collected. Additionally, roots were excavated by hand to determine root weight and length.  

In the second experiment, six species compositions were tested: three monocultures 

(soybean, Palmer amaranth, and large crabgrass) and three combinations of each species 

(soybean/large crabgrass, soybean/Palmer amaranth and Palmer amaranth/large crabgrass). 

Soybeans were planted directly into the gradient tanks and pots on July 20, 2020 and August 3, 

2020 at a density of three seeds per planting spot to ensure germination and thinned to one plant 

at emergence. Palmer amaranth and large crabgrass were seeded in trays with a Norfolk sandy 

loam soil on July 20, 2020 and August 3, 2020 and were transplanted when each reached a 

height of 5 cm. Distance between planting spots was 12.5 cm between each other within each 

row in the gradient tanks. To evaluate competition, plants were organized in a 1:1 competition in 
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both the gradient tanks and the pots. Irrigation to the gradient tanks was supplied through drip 

tape twice a day and pots were hand watered once daily until soybeans reached vegetative 

growth stage V4. At this point, and for the duration of the trial, irrigation was reduced in the 

gradient tanks to once every two days and the underground water gradient was maintained in the 

gradient tanks, as well moisture stress was induced in the pots for 3 weeks until termination of 

the trial. Temperature in the greenhouse averaged 33 C during the day and 23 C at night. Natural 

light was supplemented with artificial light at 600 µmol. m-2.s -1 photosynthetic photon flux 

density in a 14-hour day to approximate to summer photoperiod. Plant height and relative 

chlorophyll measurements were collected weekly for the duration of the trial. Additionally, 

weekly tiller counts were taken for large crabgrass. At the end of the three week moisture stress 

period, height, total leaf number, and plant biomass were collected. Additionally, roots were 

excavated by hand to determine root weight and length. Plant biomass in both methods was 

calculated as the total above-ground fresh and dry matter production. Root biomass was 

calculated as the fresh and dry biomass of the total root structure. Biomass and roots were dried 

in a box dryer at 60 C for 48 hours.  

Analysis of variance was conducted using the General Linear Model procedure of SAS 

(Version 9.4 SAS Institute Inc. Cary, NC 27513). An ANOVA was conducted in the wheat and 

Italian ryegrass trial to analyze interactions, and sums of squares were partitioned to evaluate the 

effect of species, competition, soil moisture and greenhouse trials using error partitioning 

appropriate to a split-plot design. Individual ANOVAs were conducted between species in the 

soybean trial to analyze interactions, and sums of squares were partitioned to evaluate the effect 

of species competition, soil moisture and greenhouse trials using error partitioning appropriate to 

a split plot design. Species compositions were considered main plots and soil moisture was 
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considered the subplot in the analysis. Study repetition was considered a random variable, and 

main effects and interactions were tested by the appropriate mean square associated with the 

random variable. Effect tests were presented with an alpha level of 0.05. Means with standard 

error bars that do not overlap are significantly different unless otherwise designated. Comparison 

between methods was achieved through the correlation of results for each parameter. Results 

from three rows from the gradient tank with similar volumetric water content to the pot moisture 

stress treatments were selected for the comparison. Correlation analysis was conducted using the 

Correlation procedure of SAS. Significant interactions and/or main effects were presented in 

SigmaPlot 14.0 (Systat Software, Inc., San Jose, CA, USA).  

 

Results and Discussion 

Wheat and Italian Ryegrass Trial.  

A significant positive correlation was observed for height, tiller number, relative 

chlorophyll measurements, shoot fresh and dry biomass, and root fresh and dry biomass between 

the standard pot study and the gradient tank methods. No correlation was observed for root 

length (Table 1). The lack of a correlation for root length between the two methods is not 

surprising. In the pot study, root growth was limited by pot size, while in the gradient tanks root 

growth was not as limited thanks to the tanks’ large size and soil volume capacity. A significant 

three-way species by competition by moisture content interaction was observed for shoot dry 

biomass in both methods tested (Table 2). Significant species by moisture stress interactions 

were observed for height, shoot fresh and dry biomass, and root fresh and dry biomass utilizing 

both methods (Table 2, 3, 4). Additionally, a significant competition by moisture content 

interaction was observed for tiller number, root fresh and dry biomass, and root length in both 
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methods (Table 2, 4). Significant species and moisture effects were observed for relative 

chlorophyll measurements (Table 3). 

Response to decreasing soil moisture content did not differ between methods in wheat 

and Italian ryegrass heights, tiller number relative chlorophyll content and shoot biomass. Both 

species responded with height reductions due to decreasing soil moisture content. Italian ryegrass 

heights were greater when grown in the gradient tanks under no moisture stress, but did not 

differ between methods under a water deficit. Wheat grown in the gradient tanks had greater 

height then when grown in pots regardless of soil moisture content (Figure 2). Tiller number was 

significantly reduced as moisture stress increased using both methods and showed a positive 

correlation. Species grown in a monoculture had a higher number of tillers when grown in the 

gradient tank than in pots regardless of water content (Figure 3). Species in competition did not 

differ in number of tillers between methods, but when grown in the gradient tanks a less linear 

reduction was observed as soil moisture content decreased. The difference in tillering between 

plants grown in a monoculture and in competition was greater in the gradient tanks compared to 

plants grown in pots (Figure 3). Italian ryegrass tiller number was greater than wheat utilizing 

both methods (Table 5). Relative chlorophyll measurements were greater in species grown in the 

gradient tanks, but a similar response to water deficit was observed between methods (Figure 

4A).  

 No differences were observed in shoot dry biomass between wheat grown in a 

monoculture and in competition in pots, while significant differences were observed when grown 

in the gradient tanks. Similarly, wheat shoot dry biomass decreased due to competition under no 

moisture stress in the gradient tanks, but did not decrease in the pots regardless of competition 

(Figure 5). Under no moisture stress, Italian ryegrass grown in a monoculture had a greater shoot 
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biomass than when grown in competition in the gradient tanks, but had the opposite response in 

the pots. Italian ryegrass was smaller in the pots when in a monoculture. Interestingly, 

competition effects were opposite between methods in Italian ryegrass (Figure 6). Root biomass 

decreased due to water content (Figure 4B) in both methods evaluated. Root biomass of plants 

grown in competition decreased in the pots, but was greater than grown in a monoculture when 

grown in pots (Table 6) Root length had an opposite response to water stress between methods. 

There was no difference in length as soil moisture content decreased in pots, but increased in the 

gradient tanks at water deficit. Interestingly, roots in the pots were longer than in the gradient 

tank when not under moisture stress (Figure 4C). Competition did not affect wheat root length in 

the gradient tanks but led to reductions in the pot study. Italian ryegrass root length was reduced 

due to competition when grown in the gradient tanks but was not affected when grown in pots 

(Table 7).  

 Soybean Trial 

A significant positive correlation was observed for soybean height, leaf number, and 

shoot fresh and dry biomass. No significant correlation was observed for soybean relative 

chlorophyll measurements, root fresh and dry biomass, and root length (Table 8). No significant 

correlation was observed in Palmer amaranth (Table 9). Significant correlations were observed 

for large crabgrass height, tiller number, relative chlorophyll measurements, shoot fresh and dry 

biomass, root fresh and dry biomass, and root length. No significant correlation was observed for 

root dry biomass (Table 10).  

A significant competition by moisture content interaction was observed for soybean root 

dry and fresh weight, and root length (Table 11); and for large crabgrass height (Table 12). 

Competition and soil moisture content effects were observed in soybean height and leaf number 



97 

 

 

(Table 13). Significant soil moisture content effects were observed for soybean shoot fresh and 

dry biomass (Table 14), relative chlorophyll measurements (Table 13), and large crabgrass 

relative chlorophyll measurements (Table 12) and root length (Table 15). Significant competition 

effects were observed for large crabgrass tiller numbers (Table 12), shoot fresh and dry biomass 

(Table 17), and root fresh and dry biomass (Table 16). No significant effects were observed in 

Palmer amaranth that were the same between methods (Table 17, 18, 19). 

Soybean.  Significantly greater heights were observed in soybean grown in the gradient 

tanks than pots regardless of soil moisture content. Significant reductions in heights due to water 

deficit were observed in both methods (Figure 7A). No difference in heights were observed in 

soybean grown in a monoculture and in competition with large crabgrass in the gradient tanks. 

Soybean grown in pots were smaller when grown in competition, regardless of competing 

species. In contrast, soybean grown in competition with Palmer amaranth in the gradient tanks 

were significantly taller than the rest (Table 20).  

Soybean leaf number had a similar response to competition and soil moisture content in 

both methods. Though leaf number was much higher in plants grown in the gradient tanks when 

not under moisture stress, there was no difference observed between methods as soil moisture 

content decreased (Figure 8A). Soybean leaf number was reduced by competition in both 

methods. There was no difference in leaf number regardless of competing species in both 

methods (Table 20). Soybean dry biomass was reduced due to water deficit in both methods. The 

differences in biomass were greater in soybean grown in the gradient tanks. Soybean dry 

biomass was larger when grown in the gradient tanks regardless of soil moisture content (Figure 

8B). There was no difference in soybean dry biomass in plants grown in the gradient tanks, 

regardless of competition level, contrasting the response observed when grown in pots. Soybean 
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grown in pots had reduced dry biomass when grown in competition, having a greater reduction 

when grown with Palmer amaranth (Table 20). In the gradient tanks, root biomass increased in 

soybean grown in a monoculture as soil moisture content decreased. Meanwhile, root biomass of 

soybean grown in competition decreased. Root biomass did not differ between soil moisture 

content in the pots. Similarly, roots in the gradient tanks had significantly greater lengths as soil 

moisture content decreased, yet no response was observed in soybean roots when grown in pots. 

The lack of response to decreasing soil moisture content would explain why no correlation was 

observed for root fresh and dry biomass, and root length. 

Large crabgrass.  In both methods, large crabgrass grown in a monoculture was taller 

compared to plants grown in competition under no moisture stress. However, the two methods 

produced different responses to decreasing soil moisture content. In the gradient tanks, large 

crabgrass heights decreased as soil moisture content decreased. While height decreased with 

water deficit in the gradient tanks, it ultimately did not change when grown in pots. Tiller 

number was decreased due to competition in both methods. A similar number of tillers was 

observed in large crabgrass grown under competition between studies (Table 21).Relative 

chlorophyll measurements in both methods shared a similar trend as values decreased with 

decreasing soil moisture content (Figure 12A). Shoot dry biomass was reduced in large crabgrass 

only when grown in competition with soybean in the gradient tanks. No differences were 

observed between large crabgrass grown in a monoculture and in competition with Palmer 

amaranth in the gradient tanks. Interestingly, when grown in pots, the largest reduction in shoot 

biomass was observed in large crabgrass grown in competition with Palmer amaranth. Root dry 

biomass was reduced due to competition in both methods, but a larger reduction was observed in 

the gradient tank when grown in competition with soybean while there was no difference 
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between competition levels in the pots (Table 21). At water deficit, large crabgrass root length 

increased in the gradient tanks but decreased in the pots (Figure 12B). 

Though smaller plants were observed in plants grown in pots, a similar above-ground 

response was observed between methods. As soil moisture content decreased, relative 

chlorophyll measurements decreased, similar results were observed by Beltrano and Ronco 

(2008) and Nikolaeva et al. (2008). Reduced total dry biomass in both methods was the result of 

a decrease in plant size due to water deficit and competition as seen by da Silva et al. (2008). 

Although more noticeable differences could be observed in plants grown in the gradient tanks, 

change in soil moisture content preceded the overall reduction of relative plant size (Kalapos et 

al. 1996; Xu and Zhou 2006; Xu et al. 2006). Soybean etiolation under competition with Palmer 

amaranth in the gradient tanks was likely the result of the detection of low-quality solar radiation 

(Trezzi et al. 2013). This phenomenon was not observed in the pots due to the smaller size in 

Palmer amaranth, which did not grow above soybeans grown in the pots. Though a reduction in 

leaf size was observed in both methods, soil moisture content decreased, soybeans grown in the 

gradient tanks had a significantly higher leaf number than when grown in pots under no moisture 

stress. Reductions in soybean leaf number are attributed to a reduction in stem growth and a 

reduced formation of axillary buds observed in smaller plants (Mason et al. 1988). Though stem 

growth was increased in soybean in competition with Palmer amaranth in the gradient tanks, 

shade stressed plants emphasize stem growth and leaf size over the number of leaves produced 

resulting in similar number of leaves when grown in pots (Vidal et al. 2012). Competition and 

water stress both had a negative impact in tillering in grass species grown in gradient tanks and 

in pots subsequently reducing total dry biomass as seen by Huel and Hucl (1996), and Blum et 

al. (1989). Differences in root development and growth were observed between methods. At the 
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whole-plant level, above-ground biomass decreased as soil moisture content decreased, but 

biomass partitioning in favor of root growth was more noticeable in the gradient tanks than in the 

pots. A higher soil volume in the gradient tanks allowed roots to grow with less restrictions than 

when grown in pots. Under moisture stress, plants are encouraged to penetrate the soil profile so 

that the plant can exploit the limiting water resource more efficiently (Zhang 2009; Kalapos 

1996), but there was no increase in root length observed in plants grown in the pots due to the 

limited soil volume and depth. Restricted root growth resulted in smaller plants in the pots as 

seen by Poorter et al. (2012).  Palmer amaranth growth in the pot experiment was significantly 

reduced when compared to growth in the gradient tanks. Palmer amaranth had shoot heights of 

over 2 meters when grown in the gradient tanks, while Palmer amaranth plants grown in pots 

were approximately 1 meter tall. Palmer amaranth’s growth potential in the gradient tanks 

contributed to the lack of significant correlations between parameters for each method (Ward 

2013).  

In summary, the two experiments independently showed the two methods were 

comparable in results for most parameters when looking at crop and weed response to moisture 

stress in monoculture and competition. While most parameters positively correlated between the 

methods, there were some clear differences in results that also highlight the importance of 

selecting plant culture methods. Most noticeably, there was a lack of correlation for Palmer 

amaranth growth parameters between the two methods. Palmer amaranth has been documented 

to easily adapt to a wide range of environmental conditions (Ward et al. 2013). In the gradient 

tanks, Palmer amaranth and other species with rapid growth potential have the ability to exhibit 

greater above and below ground biomass, mitigating the effects of moisture stress. This has 

implications when trying to investigate the effects of moisture stress on the plant. One can argue 
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that there was not a true response to moisture stress in Palmer amaranth grown in the gradient 

tank as the roots were able to reach the capillary fringe in the early growing stages. However, in 

a natural setting, Palmer amaranth roots respond to moisture stress with rapid growth (Chahal et 

al. 2018). The implementation of water table depth gradient tanks in our research allowed for a 

novel examination of the effect of various moisture stress levels on plant growth and competition 

without the constraints observed in research employing pots. The large volume of soil in each 

gradient tank allowed roots to grow with less restriction than in the pots and allowed similar 

results to what we would expect in field studies. Contrary to the pot experiment, plants in the 

gradient tank were provided with a constant soil moisture content during the duration of the 

stress period. The underground water gradient in the gradient tanks provided a fixed capillary 

fringe which allowed for a constant soil moisture content throughout the moisture stress period. 

Soil in the pots dried overnight until being water the next day, causing a daily increase and 

decrease in soil moisture content. This problem can be fixed through the use of an automated 

irrigation system which monitors individual pot weight, but requires a complex and expensive 

automated computer system (Marchin et al. 2019). Though pot studies allow for a more 

controlled competition effect, plants grown in the gradient tanks are subjected to more field like 

conditions. Therefore, the results of this study suggest that gradient tanks are a viable option for 

conducting moisture stress studies. 
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Table 1. Correlation between gradient tank and pot experiment parameters in wheat and Italian ryegrass trial. 

 Height 

Tiller 

Number 

Relative 

Chlorophyll 

Content 

Shoot 

Fresh 

Biomass 

Shoot 

Dry 

Biomass 

Root 

Fresh 

Biomass 

Root Dry 

Biomass 

Root 

Length 

R 0.48956 0.65786 0.57424 0.51266 0.21694 0.58178 0.52786 0.0962 

P - values <.0001 <.0001 <.0001 <.0001 0.0193 <.0001 <.0001 0.3538 

N 115 117 114 116 116 96 96 95 
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Table 2. ANOVA results for split-plot analysis wheat and Italian ryegrass trial above-ground biomass. 

Source df Shoot Fresh Biomass  Shoot Dry Biomass 

    Tank Pots Tank Pots 

    F  P - Value F  P - Value F  P - Value F  P - value 

Rep 3 0.73 0.5356 1.97 0.1235 0.57 0.6387 0.77 0.5135 

Run 1 2.7 0.1043 0.01 0.9379 2.6 0.1104 16.45 0.0001 

Species 1 0.21 0.6496 24.41 <.0001 1.45 0.2321 0.94 0.3348 

Species*Run 1 0.73 0.3964 0.46 0.4995 0 0.9496 12.95 0.0005 

Compa 1 73.62 <.0001 3.74 0.0562 66.95 <.0001 13.36 0.0004 

Comp*Run 1 0 0.9532 0.18 0.6741 0 0.9583 16.72 <.0001 

Species*Comp 1 5.39 0.0228 16.53 0.0001 7.17 0.0090 6.88 0.0102 

Species*Comp*Run 1 0.63 0.4298 0 0.9528 0.05 0.8277 21.28 <.0001 

MCa 3 38.98 <.0001 188.42 <.0001 30.6 <.0001 128.24 <.0001 

Run*MC 3 0.51 0.6732 0.31 0.8183 0.98 0.4058 19.45 <.0001 

Species*MC 3 4.62 0.0049 2.25 0.0884 1.43 0.2408 16.26 <.0001 

Species*Run*MC 3 0.35 0.7907 0.28 0.8374 0.8 0.4974 16.01 <.0001 

Comp*MC 3 21.09 <.0001 0.55 0.6474 15.31 <.0001 14.39 <.0001 

Comp*Run*MC 3 1.19 0.3191 0.13 0.9416 0.75 0.5271 19.68 <.0001 

Species*Comp*MC 3 6.83 0.0004 4.88 0.0034 7.21 0.0002 6.06 0.0008 

Species*Comp*Run*MC 3 0.48 0.6970 0.02 0.9960 0.53 0.6644 17.84 <.0001 

a. Abbreviation: Comp = Competition, MC = Moisture content 
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Table 3. ANOVA results for split plot analysis wheat and Italian ryegrass trial height, tiller number and relative 

chlorophyll content data.  

Source df Height Tiller Number 
  Tank Pots Tank Pots 

  F  
P - 

Value 
F  

P - 

Value 
F  

P - 

Value 
F  

P - 

Value 

Rep 3 0.42 0.74 4.35 0.0066 2.49 0.0657 0.71 0.5513 

Run 1 4.71 0.0329 5.92 0.0169 0.59 0.4462 19.43 <.0001 

Species 1 2.65 0.107 9.09 0.0033 4.16 0.0446 28.77 <.0001 

Species*Run 1 0.83 0.3641 9.09 0.0033 1.5 0.2243 0.03 0.8712 

Compa 1 33.4 <.0001 0.49 0.4837 61.6 <.0001 118.4 <.0001 

Comp*Run 1 0.46 0.499 1.36 0.2459 0.23 0.6325 0.4 0.5268 

Species*Comp 1 8.2 0.0053 0.01 0.9126 5.3 0.0239 0.9 0.3443 

Species*Comp*Run 1 0.14 0.7114 0.33 0.5669 0.4 0.5309 0.03 0.8712 

MCa 3 38.9 <.0001 60.8 <.0001 25 <.0001 434.6 <.0001 

Run*MC 3 0.89 0.4489 1.25 0.2953 1.29 0.2843 0.31 0.8145 

Species*MC 3 8.13 <.0001 6.57 0.0005 1.01 0.3944 0.23 0.8746 

Species*Run*MC 3 1.6 0.1963 2.08 0.1079 0.37 0.7743 0.1 0.9583 

Comp*MC 3 3.14 0.0295 1.16 0.3294 9.44 <.0001 12.35 <.0001 

Comp*Run*MC 3 0.89 0.4484 0.14 0.9341 0.92 0.437 0.31 0.8145 

Species*Comp*MC 3 6.74 0.0004 2.32 0.0804 2.04 0.1153 6.04 0.0009 

Species*Comp*Run*MC 3 0.77 0.5139 0.57 0.6377 0.21 0.8901 0.1 0.9583 

a. Abbreviation: Comp = Competition, MC = Moisture content   
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Table 3.(Continued). 

Source df SPAD 
  Tank Pots 

  F  
P - 

Value 
F  

P - 

Value 

Rep 3 1.36 0.2618 2.56 0.0596 

Run 1 2.9 0.0927 0.02 0.8784 

Species 1 83.6 <.0001 54.36 <.0001 

Species*Run 1 4.21 0.0435 0.02 0.8784 

Compa 1 0.93 0.3388 37.45 <.0001 

Comp*Run 1 0.04 0.8381 0.02 0.8784 

Species*Comp 1 2.65 0.1075 3.6 0.0611 

Species*Comp*Run 1 0.1 0.7582 0.02 0.8784 

MCa 3 34.9 <.0001 21.46 <.0001 

Run*MC 3 5.4 0.002 0.02 0.9968 

Species*MC 3 1.35 0.2631 0.96 0.4138 

Species*Run*MC 3 1.88 0.1397 0.02 0.9968 

Comp*MC 3 0.55 0.6508 0.48 0.694 

Comp*Run*MC 3 0.19 0.9039 0.02 0.9968 

Species*Comp*MC 3 3.51 0.0191 0.99 0.4031 

Species*Comp*Run*MC 3 0.15 0.9303 0.02 0.9968 

a. Abbreviation: Comp = Competition, MC = Moisture content 
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Table 4. ANOVA results for split plot analysis wheat and Italian ryegrass trial root fresh and dry biomass, 

and root length data. 

Source df Root Fresh Biomass Root Dry Biomass 

    Tank Pots Tank Pots 

    F 
P - 

Value 
F 

P - 

Value 
F 

P - 

Value 
F 

P - 

Value 

Rep 3 0.92 0.4364 2.73 0.0484 0.73 0.5409 3.58 0.017 

Run 1 8.05 0.0062 0.01 0.92 3.73 0.0581 0.14 0.7099 

Species 1 64.01 <.0001 470.27 <.0001 21.67 <.0001 184.4 <.0001 

Species*Run 1 3.08 0.0843 0.83 0.3648 3.62 0.062 1.51 0.2226 

Compa 1 17.12 0.0001 3.7 0.0577 5.08 0.0279 4.33 0.0403 

Comp*Run 1 0.59 0.4472 0 0.9818 2.23 0.1403 0.03 0.86 

Species*Comp 1 0.84 0.362 14.12 0.0003 0.02 0.8899 36.6 <.0001 

Species*Comp*Run 1 0.28 0.5996 0.17 0.6813 0.09 0.7609 0.06 0.8123 

MCa 3 17.58 <.0001 65.17 <.0001 5.86 0.0014 49.4 <.0001 

Run*MC 3 2.7 0.0536 0.29 0.8304 1.56 0.2094 0.12 0.9478 

Species*MC 3 4.26 0.0086 7.23 0.0002 4.12 0.0101 2.71 0.05 

Species*Run*MC 3 1.73 0.1706 0.13 0.9401 0.38 0.7688 0.23 0.8785 

Comp*MC 3 2.66 0.0561 14.82 <.0001 2.4 0.0765 4.81 0.0037 

Comp*Run*MC 3 1.23 0.3068 0.07 0.9744 0.41 0.7475 0.1 0.96 

Species*Comp*MC 3 6.83 0.0005 4.66 0.0045 0.58 0.6286 11.2 <.0001 

Species*Comp*Run*MC 3 3.12 0.0325 0.79 0.5029 3.36 0.0245 0.3 0.8255 

a. Abbreviation: Comp = Competition, MC = Moisture content 
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Table 4. (Continued). 

Source df Root Length 

    Tank Pots 

    F 
P - 

Value 
F 

P - 

Value 

Rep 3 2.25 0.0921 0.84 0.4735 

Run 1 0.12 0.7279 3.29 0.0729 

Species 1 0.93 0.3394 179.4 <.0001 

Species*Run 1 1 0.3207 4.13 0.0451 

Compa 1 19.65 <.0001 2.34 0.1296 

Comp*Run 1 0.03 0.8749 3.27 0.0739 

Species*Comp 1 31.45 <.0001 4.14 0.0449 

Species*Comp*Run 1 2.43 0.124 1.7 0.1955 

MCa 3 200.6 <.0001 10.54 <.0001 

Run*MC 3 0.82 0.486 0.29 0.8342 

Species*MC 3 2.42 0.0754 3.86 0.0119 

Species*Run*MC 3 0.14 0.9362 0.22 0.8798 

Comp*MC 3 1.44 0.2416 1.46 0.2304 

Comp*Run*MC 3 0.24 0.8703 0.7 0.5571 

Species*Comp*MC 3 2.26 0.0913 3.55 0.0177 

Species*Comp*Run*MC 3 0.53 0.6639 0.34 0.7962 

a. Abbreviation: Comp = Competition, MC = Moisture content 
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Table 5. Tiller number, SPAD value and root dry biomass of wheat and Italian ryegrass 

plants in gradient tanks and in pots averaged over competition.  

Species Tank Pots   Tank Pots   Tank Pots 

  Tillers   SPAD    Root Dry Biomass 

                      (g) 

Wheat 12 B 8 B   45 A 35 A   3.68 A 3.55 A 

Italian Ryegrass 14 A 10 A   37 B 29 B   2.35 B 2.37 B 

*Different letters within the same column indicate significance (P≤0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 

 

 

Table 6. Root dry biomass of wheat and Italian ryegrass plants in a 

monoculture and in competition in gradient tanks and in pots averaged 

over species.  

Competition       Tank Pots 

        Root Dry Biomass 

        (g) 

YES       2.69 B 3.05 A 

NO           3.34 A 2.87 B 

*Different letters within the same column indicate significance (P≤0.05) 
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Table 7. Root length of wheat and Italian ryegrass grown in a 

monoculture and in competition in gradient tanks and in pots. 

Species Competition Tank Pots 

    Root Length 

    (g) 

Wheat NO 39 B 35 C 

  YES 39 B 32 B 

Italian ryegrass NO 45 A 45 A 

  YES 35 C 45 A 

*Different letters within the same column indicate significance 

(P≤0.05) 
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Table 8. Correlation between gradient tank and pot methods in soybean trial separated for soybean. 

  Height 

Relative 

Chlorophyll 

Content  

Leaf 

Number 

Shoot 

Fresh 

Biomass 

Shoot 

Dry 

Biomass 

Root 

Fresh 

Biomass 

Root Dry 

Biomass 

Root 

Length 

R 0.44112 0.13808 0.3784 0.36934 0.25694 0.17856 0.22047 -0.17088 

P - values 0.0001 0.2474 0.001 0.0014 0.0293 0.2703 0.1716 0.2918 

N 72 72 72 72 72 40 40 40 
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Table 9. Correlation between gradient tank and pot parameters in soybean trial separated for Palmer amaranth. 

 Height 

Relative 

Chlorophyll 

Content 

Leaf 

Number 

Shoot 

Fresh 

Biomass 

Shoot 

Dry 

Biomass 

Root 

Fresh 

Biomass 

Root Dry 

Biomass 

Root 

Length 

R -0.0022 -0.00219 0.14514 -0.05466 -0.1115 -0.2474 0.12662 -0.22549 

P - values 0.9859 0.9859 0.2376 0.658 0.3653 0.1343 0.4487 0.1735 

N 68 68 68 68 68 38 38 38 
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Table 10. Correlation between gradient tank and pot parameters in soybean trial separated for large crabgrass. 

  Height 

SPAD 

value 

Leaf 

Number 

Shoot 

Fresh 

Biomass 

Shoot 

Dry 

Biomass 

Root 

Fresh 

Biomass 

Root Dry 

Biomass 

Root 

Length 

R 0.23942 0.31392 0.26078 0.24519 0.28317 0.64312 0.06352 -0.44138 

P - values 0.0476 0.0086 0.0304 0.0423 0.0184 <.0001 0.7128 0.007 

N 69 69 69 69 69 36 36 36 
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Table 11. ANOVA results for split-plot analysis of the soybean trial data separated for soybean root fresh and dry biomass, and 

root length.  

Source df Root Fresh Biomass Root Dry Biomass Root Length 

    Tank Pots Tank Pots Tank Pots 

    
F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value 

Rep 3 0.06 0.9785 1.05 0.3825 0.2 0.8957 1.74 0.1787 0.83 0.4880 0.4 0.7510 

Run 1 0.77 0.3873 2.01 0.1658 0.32 0.5738 0.35 0.5574 0.62 0.4378 1.91 0.1768 

Compa 2 14.98 <.0001 1.19 0.3163 6.03 0.0059 12.95 <.0001 2.06 0.1439 5.19 0.0109 

Comp*Run 2 0.05 0.9532 0.8 0.4600 0.51 0.6081 0.53 0.5910 1.78 0.1852 0.48 0.6233 

MCa 2 14.89 <.0001 0.03 0.975 6.53 0.0041 9.09 0.0007 51.79 <.0001 10.06 0.0004 

Run*MC 2 0.14 0.8665 1.05 0.3626 0.28 0.7591 0.18 0.8336 1.59 0.2200 0.12 0.8903 

Comp*MC 4 5.16 0.0024 2.66 0.0500 7.61 0.0002 5.08 0.0027 5.02 0.0028 4.13 0.0080 

Comp*Run*MC 4 1.01 0.4178 0.59 0.6751 0.56 0.6941 0.25 0.9105 0.27 0.8974 0.32 0.8599 

a. Abbreviation: Comp = competition, MC = Moisture content.  
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Table 12. ANOVA results for split-plot analysis of the soybean trial data separated for large crabgrass height, tiller number and 

relative chlorophyll content.  

Source df Height Tiller Number SPAD  

    Tank Pots Tank Pots Tank Pots 

    
F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value 

Rep 3 5.53 0.0024 0.26 0.8551 1.36 0.2655 1.17 0.3297 1.26 0.2997 1.8 0.1588 

Run 1 5.85 0.0194 6.89 0.0114 10.55 0.0021 15.41 0.0003 62.65 <.0001 6.81 0.0118 

Compa 2 21.05 <.0001 27.61 <.0001 43.57 <.0001 11.98 <.0001 2.22 0.1199 4.69 0.0136 

Comp*Run 2 2.35 0.1066 5.46 0.0071 2.74 0.0745 1.19 0.3140 4.71 0.0135 3.95 0.0253 

MCa 2 18.07 <.0001 3.12 0.0526 1.99 0.1475 4.42 0.0170 7.93 0.0011 3.85 0.0278 

Run*MC 2 0.56 0.5771 7.17 0.0018 2.42 0.0994 0.12 0.8858 0.4 0.6748 0.2 0.8226 

Comp*MC 4 3.23 0.0198 2.72 0.0396 0.69 0.5993 1.56 0.1992 2.29 0.0736 1.08 0.3745 

Comp*Run*MC 4 1.55 0.2039 0.96 0.4396 1.1 0.3652 0.49 0.7458 1.98 0.1118 0.34 0.8493 

a. Abbreviation: Comp = competition, MC = Moisture content.  
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Table 13. ANOVA results for split-plot analysis of the soybean trial data separated for soybean height, relative chlorophyll 

content and leaf number.  

Source df Height SPAD Leaf Number 

    Tank Pots Tank Pots Tank Pots 

    
F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value 

Rep 3 0.5 0.6833 0.36 0.7855 0.84 0.4777 0.46 0.7096 0.48 0.7006 0.59 0.6218 

Run 1 0.09 0.7658 19.49 <.0001 9.4 0.0035 0.6 0.4428 0.08 0.7822 0.06 0.8014 

Compa 2 24.52 <.0001 13.62 <.0001 2.75 0.0734 13.21 <.0001 8.52 0.0006 25.71 <.0001 

Comp*Run 2 8.25 0.0008 4.86 0.0117 2.01 0.1441 4.64 0.0141 2.21 0.12 8.08 0.0009 

MCa 2 134.9 <.0001 47.56 <.0001 4.51 0.0157 5.26 0.0084 57.58 <.0001 21.05 <.0001 

Run*MC 2 1.51 0.2297 7.23 0.0017 6.1 0.0042 2.16 0.1258 0.27 0.7633 14.21 <.0001 

Comp*MC 4 1.77 0.1503 2.22 0.0793 1.98 0.1113 0.63 0.6399 4.98 0.0018 0.61 0.6585 

Comp*Run*MC 4 1.02 0.4065 0.84 0.5065 2.01 0.1073 2.93 0.0295 2.74 0.0384 4.86 0.0021 

a. Abbreviation: Comp = competition, MC = Moisture content.  
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Table 14. ANOVA results for split plot analysis of the soybean trial data separated for soybean 

above-ground biomass.  

Source df Shoot Fresh Biomass  Shoot Dry Biomass 

    Tank Pots Tank Pots 

    
F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value 

Rep 3 0.86 0.4691 1.18 0.3252 0.54 0.6594 1.44 0.2406 

Run 1 0.30 0.5842 32.13 <.0001 0.19 0.6660 68.12 <.0001 

Compa 2 4.48 0.0161 108.4 <.0001 1.04 0.3596 23.27 <.0001 

Comp*Run 2 0.44 0.6482 18.05 <.0001 1.06 0.3546 1.1 0.3418 

MCa 2 51.62 <.0001 58.23 <.0001 23 <.0001 23.17 <.0001 

Run*MC 2 1.52 0.2275 26.5 <.0001 1.44 0.2455 3.45 0.0392 

Comp*MC 4 1.04 0.3956 21.42 <.0001 1.78 0.1478 3.86 0.0082 

Comp*Run*MC 4 0.08 0.9881 15.31 <.0001 0.18 0.9474 1.61 0.1867 

a. Abbreviation: Comp = competition, MC = Moisture content.  
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Table 15. ANOVA results for split-plot analysis of the soybean trial data separated for large crabgrass root fresh and dry biomass, 

and root length.  

Source df Root Fresh Biomass Root Dry Biomass Root Length 

    Tank Pots Tank Pots Tank Pots 

    
F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value 

Rep 3 4.07 0.0147 0.99 0.4112 1.05 0.3848 0.34 0.7954 0.9 0.4526 4.2 0.0127 

Run 1 0.13 0.7207 0.03 0.8742 5.33 0.0276 0 0.9788 0.02 0.8939 3.07 0.0889 

Compa 2 73.01 <.0001 18.52 <.0001 3.77 0.0340 9.81 0.0005 27.93 <.0001 2.55 0.0932 

Comp*Run 2 0.14 0.8682 0.24 0.7916 4.73 0.0159 0 0.9965 0.11 0.8962 0.68 0.5127 

MCa 2 8.17 0.0014 2.08 0.1406 12.26 0.0001 0.5 0.6119 24.77 <.0001 13.35 <.0001 

Run*MC 2 0.02 0.9777 0.08 0.9208 4.59 0.0177 0.08 0.9238 1.02 0.3716 0.85 0.4381 

Comp*MC 4 2.18 0.0931 2.07 0.1077 5.42 0.0019 1.09 0.3760 5.08 0.0028 0.42 0.7924 

Comp*Run*MC 4 0.04 0.9971 0.06 0.9922 3.79 0.0125 0.1 0.9825 0.53 0.7175 0.54 0.7040 

a. Abbreviation: Comp = competition, MC = Moisture content.  
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Table 16. ANOVA results for split-plot analysis of the soybean trial data separated for large 

crabgrass above-ground biomass.  

Source df Shoot Fresh Biomass  Shoot Dry Biomass 

    Tank Pots Tank Pots 

    
F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value 

Rep 3 0.72 0.5478 0.63 0.5988 0.39 0.7592 0.57 0.6401 

Run 1 2.41 0.1270 109.7 <.0001 2.82 0.0997 0.01 0.9348 

Compa 2 26.48 <.0001 97.16 <.0001 11.62 <.0001 44.98 <.0001 

Comp*Run 2 0.58 0.5651 26.72 <.0001 2.3 0.1112 11.06 0.0001 

MCa 2 25.32 <.0001 2.44 0.0971 15.12 <.0001 0.7 0.5030 

Run*MC 2 0.09 0.9168 4.09 0.0226 0.39 0.6816 4.75 0.0128 

Comp*MC 4 0.69 0.6054 3.59 0.0118 1.56 0.1996 2.93 0.0296 

Comp*Run*MC 4 0.33 0.8543 0.21 0.9333 1.76 0.1528 0.41 0.7989 

a. Abbreviation: Comp = competition, MC = Moisture content.  
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Table 17. ANOVA results for split-plot analysis of the soybean trial data separated for Palmer amaranth height, relative 

chlorophyll content and leaf number.  

Source df Height SPAD Leaf Number 

    Tank Pots Tank Pots Tank Pots 

    
F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value 

Rep 3 1.63 0.1953 0.15 0.9270 2.14 0.1079 0.54 0.6542 2.29 0.0898 0.27 0.8438 

Run 1 3.39 0.0719 49.8 <.0001 6.2 0.0163 38.53 <.0001 8.36 0.0057 48.93 <.0001 

Compa 2 1 0.3768 5.9 0.0050 0.41 0.6678 1.25 0.2957 1.04 0.3621 12.16 <.0001 

Comp*Run 2 8.11 0.0009 1.36 0.2656 1.57 0.2195 1.7 0.1939 4.15 0.0218 2.64 0.0816 

MCa 2 0.93 0.3996 14.41 <.0001 0.39 0.6777 34.16 <.0001 0.86 0.4296 3.6 0.0347 

Run*MC 2 0.91 0.4082 1.9 0.1603 0.02 0.9849 15.65 <.0001 0.3 0.7421 6.55 0.0030 

Comp*MC 4 0.94 0.4512 2.24 0.0780 0.74 0.5670 3.98 0.0070 1.03 0.3994 3.55 0.0126 

Comp*Run*MC 4 0.42 0.7967 1.97 0.1131 0.91 0.4634 3.83 0.0086 2.71 0.0411 2.18 0.0845 

a. Abbreviation: Comp = competition, MC = Moisture content.  
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Table 18. ANOVA results for split-plot analysis of the soybean trial data separated for 

Palmer amaranth above-ground biomass.  

Source df Shoot Fresh Biomass  Shoot Dry Biomass 

    Tank Pots Tank Pots 

    
F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value 

Rep 3 2.77 0.0517 2.37 0.0814 2.5 0.0705 1 0.3994 

Run 1 0.42 0.5223 105.9 <.0001 0.15 0.7027 10.56 0.0021 

Compa 2 0.39 0.6776 19.65 <.0001 0.08 0.9196 7.76 0.0012 

Comp*Run 2 5.95 0.0049 0.01 0.9905 5.42 0.0076 0.92 0.4058 

MCa 2 1.03 0.3641 16.32 <.0001 2.71 0.0768 9.06 0.0004 

Run*MC 2 0.53 0.5905 10.62 0.0001 0.23 0.7941 2.6 0.0842 

Comp*MC 4 0.52 0.7229 0.93 0.4548 0.89 0.4765 2.31 0.0709 

Comp*Run*MC 4 2.71 0.0407 1 0.4174 4.53 0.0035 2.17 0.0859 

a. Abbreviation: Comp = competition, MC = Moisture content.  
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Table 19. ANOVA results for split-plot analysis of the soybean trial data separated for Palmer amaranth root fresh and dry 

biomass, root length.  

Source df Root Fresh Biomass Root Dry Biomass Root Length 

    Tank Pots Tank Pots Tank Pots 

    
F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value F  

P - 

Value 

Rep 3 3.26 0.0336 0.92 0.4401 2.48 0.0784 0.54 0.6581 1.76 0.1746 3.51 0.0259 

Run 1 0.23 0.6313 4.87 0.0344 1.66 0.2067 1.14 0.2932 14.36 0.0006 5.12 0.0303 

Compa 2 1.02 0.3725 4.09 0.0258 0.04 0.9650 15.33 <.0001 2.6 0.0892 3.41 0.0449 

Comp*Run 2 4.23 0.0232 0.07 0.9350 2.46 0.1011 0.29 0.7499 1.45 0.2488 0.48 0.6242 

MCa 2 0.54 0.5877 0.44 0.6491 0.32 0.7294 6.98 0.0030 10.41 0.0003 0.39 0.6797 

Run*MC 2 0.16 0.8486 0.12 0.8892 0.54 0.5902 0.48 0.6209 1.12 0.3387 1.12 0.3398 

Comp*MC 4 0.15 0.9634 0.09 0.9860 0.19 0.9428 2.11 0.1017 0.97 0.4371 5.28 0.0021 

Comp*Run*MC 4 2.41 0.0688 0.47 0.7562 1.64 0.1873 0.67 0.6175 1.31 0.2851 0.3 0.8785 

a. Abbreviation: Comp = competition, MC = Moisture content.  
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Table 20. Height and leaf number of soybean grown in a monoculture and in 

competition in gradient tanks and in pots. 

Competition  Tank Pots   Tank Pots   

  Height   Leaf Number   

  (cm)             

None 72 B 39 A   49 A 27 A   

Large crabgrass 69 B 32 B   37 B 20 B   

Palmer amaranth 87 A 34 B   34 B 19 B   

*Different letters within the same column indicate significance (P≤0.05) 
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Table 21.  Tiller number, shoot dry biomass and root dry biomass of large crabgrass grown in a 

monoculture and in competition in gradient tanks and in pots. 

Competition  Tank Pots   Tank Pots   Tank Pots 

  Tillers   Shoot Dry Biomass   Root Dry Biomass 

            (g)   (g) 

None 9 A 5 A   9.7 A 7.1 A   6.8 A 8.9 A 

Soybean 4 B 4 B   4.6 B 4.9 B   2.1 C 5.7 B 

Palmer amaranth 4 B 4 B   7.6 A 3.2 C   3.7 B 5.9 B 

*Different letters within the same column indicate significance (P≤0.05)           
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Figure 1. A. Schematic of water table depth gradient box construction. B. Length section through 

a gradient tank showing, row placement, distance from the water table and capillary fringe of a 

loamy sand soil (Henry et al. 2009).  
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Figure 2. The effect of soil moisture content on wheat and Italian ryegrass heights grown in 

gradient tanks and in pots averaged over competition.   
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Figure 3. The effect of soil moisture content on wheat and Italian ryegrass tiller number grown in 

gradient tanks and in pots averaged over competition. 
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Figure 4. The effect of moisture content on wheat and Italian ryegrass relative chlorophyll 

measurements (A), root dry biomass (B) and root length (C) grown in gradient tanks and in pots 

averaged over species and competition.  
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Figure 5. The effect of soil moisture content on wheat shoot dry biomass grown in a monoculture 

and competition in gradient tanks and in pots. 
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Figure 6. The effect of soil moisture content on Italian ryegrass shoot dry biomass grown in a 

monoculture and competition in gradient tanks and in pots. 
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Figure 7. The effect of soil moisture content on soybean height (A) and relative chlorophyll 

measurements (B) grown in gradient tanks and in pots averaged over competition level.  
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Figure 8. The effect of soil moisture content on soybean leaf number (A) and shoot dry biomass 

(B) grown in gradient tanks and in pots averaged over competition level. 
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Figure 9. The effect of soil moisture content on soybean root dry biomass grown in a 

monoculture and in competition in gradient tanks (A) and in pots (B). 
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Figure 10. The effect of soil moisture content on soybean root length grown in a monoculture 

and in competition in gradient tanks (A) and in pots (B). 
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Figure 11. The effect of soil moisture content on large crabgrass height grown in a monoculture 

and in competition in gradient tanks (A) and in pots (B). 
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Figure 12. The effect of soil moisture content on large crabgrass relative chlorophyll 

measurements (A) and root length (B) grown in gradient tanks and in pots averaged over 

competition level. 
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Abstract 

 
 Environmental stress affects plants growth and development, which consequently 

hampers crop productivity. The single most devastating environmental stress, which decreases 

crop productivity more than any type of environmental stress, is drought. Detrimental effects on 

crop growth and development in general are observed when there is a water deficit present at any 

growth stage. One of the key challenges for crop scientists is to improve our understanding of 

how drought affects plant ecology and plants functional traits, as this will impact agricultural 

productivity as well as vegetation management. The most common method to evaluate moisture 

stress is through pot experiments in greenhouses. The main issue with pot studies is the 

limitation due to space, and the constant need to be watering by hand or with expensive 

automated computer systems when evaluating moisture stress. To evaluate moisture stress in the 

greenhouse we adapted a controlled environment moisture stress protocol from perennial to 

annual cropping systems. Four water table depth gradient tanks were constructed which had a 

gravel layer at the bottom where a water table could sit freely and provided a moisture gradient 

across the tank. Four watering regimes were applied in which irrigation was supplied once, twice 

and once every two days, and a last on with no irrigation supplied. The tanks were steeply sloped 

and as distance from the water table increased soil moisture content decreased. Soybean were 

planted at different distances from the water table. With irrigation supplied once and twice a day, 

soil moisture content was significantly above field capacity when distance from the water table 

was below 50 cm which caused a decrease in soybean height and leaf number due to water 

logging. When irrigation was supplied once every two days and with no irrigation, soil moisture 

content was below field capacity when distance from the water table was below 50 cm. Above-
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ground biomass decreased as moisture content decreased, while biomass partitioning changed in 

favor of root growth so that the plant could exploit the limiting water resource more efficiently. 
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Introduction 
 

 Crop plants are exposed to several environmental stresses, all affecting plant growth and 

development, which consequently hampers the productivity of crop plants (Seki et al. 2003; 

Farooq et al. 2009a, b, 2011). Drought is considered the single most devastating environmental 

stress, which decreases crop productivity more than any other environmental stress (Lambers et 

al. 2008). Deficit water supply at any growth stage poses detrimental effects on crop growth and 

development in general but varies depending on the severity of stress and the crop growth stage 

(Farooq et al. 2012). Both cell division and cell enlargement are affected under drought owing to 

impaired enzyme activities, loss of turgor, and decreased energy supply (Kiani et al. 2007; 

Farooq et al. 2009a; Taiz and Zeiger 2010). Drought strongly affects crop phenology by 

shortening the crop growth cycle with a few exceptions. Limited water supply triggers a signal to 

cause an early switching of plant development from the vegetative to reproductive phase 

(Desclaux and Roumet 1996). While drought exposure during the vegetative period of crop 

growth may substantially decrease economic yield, drought stress during reproductive and grain 

filling phases is more devastating. Drought at flowering is critical as it can increase pollen 

sterility resulting in a hampered grain set (Farooq et al 2012).  

Relative water contents (RWC), leaf water potential, osmotic potential, pressure 

potential, and transpiration rate are the major attributes of plant water relations (Kirkham 2005), 

which are significantly affected under water deficit owing to decrease in water supply. Tissue 

water contents decreased linearly with increased severity of drought (Reddy et al. 2004). 

Nutrients used for plant growth and biomass production generally come from the internal cycling 

of reserve materials, which require water for their solubilization and translocation (Singh and 

Singh 2004). Limited nutrient uptake is a general phenomenon in crop plants grown under water 
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deficit. Decreased soil water availability affects the rate of diffusion in many plant nutrients and 

finally the composition and concentration of soil solution (Singh and Singh 2004). With limited 

water supply, nutrient uptake by roots decreases because a decline in soil-water potential slows 

the diffusion rate of nutrients between the soil matrix and root surface (Farooq et al. 2009a). 

Lower transpiration rate and impaired active transport, due to a lack of energy input and altered 

membrane permeability, decreases root nutrient adsorbing power of crop plants under drought 

(Kramer and Boyer 1995; Baligar et al. 2001). 

 One of the key challenges for crop science is to improve our understanding of how 

drought affects plant ecology and plant functional traits, as this will impact agricultural 

productivity as well as vegetation management (Marchin et al. 2019). One invaluable and long-

used method for examining plant drought responses is the experimental application of controlled 

water deficits in greenhouses. The most common methods for applying soil moisture stress in 

plants has been through the use of pots, which date back at least 50 years. However, there has not 

been consensus on a best- practice method (Munns et al 2010). In the mid-60s, Dr. Dieter 

Mueler-Dombois (1964) designed a water table depth gradient tank in order to evaluate the effect 

of depth to water table on height growth of tree seedlings in a greenhouse. This gradient tank 

allowed a water table to sit freely beneath the soil and provide a moisture gradient with 

decreasing soil moisture content as distance from the water table increased. This method allowed 

for a constant soil moisture content and didn't risk fast drying rates observed in pot methods 

which did not adequately mimic field conditions (Poorter et al. 2012). Henry et al. (2009) later 

redesigned the gradient tank in order to evaluate the asymmetric responses of Paspalum species 

to a soil moisture gradient. These gradient tanks however, have never been used in annual 
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cropping systems. Thus, the objective of this study is to adapt this controlled environment 

moisture stress protocol from perennial to annual cropping systems. 

 

Materials and Methods 
 

Four water table depth gradient tanks were constructed according to specifications 

described by Henry et al. 2009 in a greenhouse at the Central Crops Research Station located in 

Clayton, NC (35.66633° N, 78.507111° W). Replication of this experiment was accomplished by 

performing two runs. The first run was planted on September 18th, 2019 and the second run was 

planted on September 3, 2020. Each gradient tank was steeply sloped and had an approximate 

volume of 4 m3, and measured 2.4 m in length, 1.2 m in width, and was 1.8 m high on the back 

end and 0.3 m high on the front end (Figure 1A). Each tank was lined with a layer of 3 mil plastic 

and had a 10 cm base of pea gravel to allow a water table to sit freely beneath the soil and provide 

a uniform substrate for water movement. A layer of approximately 3 cm of coarse sand was used 

to cover the pea gravel to reduce soil movement into the gravel layer. A standing pipe was placed 

on the back end to supply a steady flow of water to the gravel layer and a standpipe at the low end 

regulated the water table height. Tanks were filled with soil from the top 20 cm from a Norfolk 

loamy sand (fine-loamy, kaolinitic, thermic Typic Kandiudult) obtained from the Upper Coastal 

Plains Research Station located in Rocky Mount, NC. Soil was steamed to avoid germination of 

the natural weed seed bank. Tank surfaces were divided into 9 rows, ranging in depth to the water 

table (DWT) from approximately 30 cm (row 1) to 155 cm (row 9). Soil volumetric water content 

near the surface changed gradually as distance from the water table increased (Figure 1B). 

Capillary fringe depth and distance from the water table were measured at time of harvest. Rows 

were spaced approximately 25 cm apart, and the top row was distanced 23 cm from the top side of 
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the gradient tank. Temperature in the greenhouse averaged 30-35 C during the day and 23-26 C at 

night for the duration of the study. Natural light was supplemented with artificial light at 600 µmol 

m-2s-1 photosynthetic photon flux density in a 14-hour day to approximate to summer photoperiod. 

Irrigation was supplied through drip tape twice a day for approximately 3 weeks until 

soybeans reached vegetative growth stage 4 (V4). At this point and for the duration of the trial four 

irrigation regimes were applied to each gradient tank respectively, and the underwater water 

gradient was maintained for three weeks until the termination of the trial. The regimes consisted 

of irrigating once a day, twice a day, once every two days and no irrigation. Soil volumetric water 

content (VWC) was measured twice a week at 12 cm and 20 cm at each level using a HydroSense 

Soil Water Measurement System (Campbell Scientific, 815 West 1800 North, Logan, Utah). 

Degree of moisture stress and capillary fringe was determined from these measurements. Soil 

volumetric water content near the surface changed gradually as distance from the water table 

increased from row 1 to 9. Plants heights were collected weekly for the duration of the trial. At the 

end of the three week moisture stress period final height and plant biomass were collected. Plant 

biomass was calculated as the above-ground fresh and dry weight. Additionally, roots were 

excavated by hand to determine root biomass and length. Root biomass was calculated as the fresh 

and dry weight of the total root structure. Above-ground and root biomass were dried in a box 

dryer at 60 C for 48 hours.  

An analysis of variance was conducted using the General Linear Models procedure of SAS 

(SAS Institute Inc. Cary, NC 27513). The ANOVA was conducted to analyze interactions, and 

sums of squares were partitioned to evaluate the effect of watering regime and soil moisture 

content and greenhouse trials using error partitioning appropriate to a split plot design. Watering 

regime was considered the main plot and soil moisture was considered the subplot in the analysis. 
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Study repetition was considered a random variable, and main effects and interactions were tested 

by the appropriate mean square associated with the random variable. Effect tests were presented 

with an alpha level of 0.05. Means with standard error bars that do not overlap are significantly 

different unless otherwise designated. Significant interactions and/or main effects were presented 

in SigmaPlot 14.0 (Systat Software, Inc., San Jose, CA, USA). 

 

Results and Discussion 
 

 Volumetric water content measurements at 12 cm and 20 cm depth indicated a decreasing 

soil moisture content as DWT increased. VWC at both 12 cm and 20 cm depth was greatest 

when irrigation was supplied twice a day, followed by once a day, once every two days and no 

irrigation respectfully (Figure 2, 3). VWC at 20 cm depth was above 33% when DWT was under 

50 cm when irrigation was supplied once and twice a day, and dropped to approximately 11% 

and 17% respectfully when DWT was above 150 cm (Figure 3). When irrigated once every two 

days VWC at 20 cm depth was approximately 18% when DWT was under 30 cm. With no 

irrigation supplied, VWC at 20 cm depth was approximately 14% when DWT was under 30 cm. 

No difference in VWC at 20 cm depth was observed when DWT was above 100 cm between 

irrigation every two days and no irrigation. VWC at 20 cm depth was below 5% when irrigation 

was every two days and with no irrigation at a DWT above 150 cm (Figure 3). When irrigation 

was supplied twice a day, VWC at 20 cm depth was above the nominal field capacity (13.5%) in 

loamy sand soils regardless of DWT (Gajri and Prihar 1985). When Irrigation was supplied once 

a day, soil VWC at 20 cm depth was above field capacity when DWT was below 125 cm. VWC 

was above field capacity when DWT was below 50 cm when irrigation was supplied once every 
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two days. With no irrigation supplied, VWC was only above field capacity when DWT was 

below 30 cm. 

Analysis of variance indicated a significant watering regime by water level interaction 

was observed for soybean height leaf number, shoot fresh and dry biomass, root fresh and dry 

biomass, and root length (Table 2). At a DWT below 60 cm and irrigation supplied once and 

twice a day soybean height was lower than when irrigated once every two days and with no 

irrigation. However, as DWT increased soybean height increased when irrigated once and twice 

a day (Figure 4). Similar reductions in soybean growth due to waterlogging were observed by 

Linkemer et al. (1998). The lack of oxygen is the major cause of limited plant growth in 

waterlogged soils. When soils become waterlogged less gas diffuses to and from the roots 

through the soil pores (Setter and Belford 1990). Constant height reductions were observed in 

soybean with no irrigation and irrigated once every two days as soil moisture content decreased 

with increasing DWT (Figure 4).  Reductions in soybean height are likely the result of a coping 

mechanism in response to moisture stress which pose numerous morphological adaptations and 

responses such as a reductions in number of nodes, length of internode and leaf area index 

(Wijewardana et al. 2019). 

 Fewer leaves were observed in soybean irrigated once and twice a day compared to 

soybean irrigated once every two days and with no irrigation when DWT was below 50 cm 

(Figure 5). VWC at 20 cm depth was much greater in these two rows in tanks with irrigation 

once and twice a day (Figure 3). Leaf number increased in soybean irrigated twice and once a 

day as excess soil moisture decreased with increasing DWT. Leaf number decreased as DWT 

increased in soybean irrigated once every two days and with no irrigation due to decreasing soil 

moisture content. Reductions in soybean leaf number were likely attributed to a reduction in 
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stem growth and a reduced formation of axillary buds due to low soil moisture content (Mason et 

al. 1988). Fewer leaves were observed in soybean with no irrigation compared to irrigation once 

every two days when DWT was above 100 cm (Figure 5). 

 Soybean above-ground biomass was greater when water was supplied once and twice a 

day than when supplied every two days and with no irrigation when DWT was above 50 cm. 

Soybean irrigated once and twice a day did not differ in above-ground biomass regardless of 

DWT (Figure 6). Above-ground biomass in soybean irrigated once every two days and with no 

irrigation decreased as soil moisture content decreased with increasing DWT. A reduction in 

total biomass is often the result of smaller plants with fewer leaves due to water deficit and 

competition, agreeing with results reported by da Silva et al. (2008). No difference in above-

ground biomass was observed in soybean irrigated once a day and with no irrigation regardless 

of DWT (Figure 6).  

 A constant increase in root biomass was observed in soybean irrigated once a day as 

DWT increased. Root biomass in soybean irrigated once a day increased when DWT was above 

115 cm. Root biomass in soybean irrigated once every two days and with no irrigation did not 

differ regardless of DWT (Figure 7). Soybean root length increased as DWT increased when 

irrigated once every two days and with no irrigation. An increase in moisture stress occurs in 

plants under competition leading to an increase in root length (Patterson 1995). No response in 

soybean root length was observed when water was supplied once or twice a day (Figure 8). At 

the whole-plant level, above-ground biomass decreased as water content decreased, while 

biomass partitioning changed in favor of root growth. This could allow plants to exploit the 

limiting water resource more efficiently as seen by Kalapos et al. (1996). 
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Table 1. ANOVA results for split-plot analysis of soybean height, leaf number and shoot fresh and dry biomass. 

Source df Height Leaf Number 

Shoot Fresh 

Biomass 

 Shoot Dry 

Biomass 

  F P -Value F P -Value F P -Value F P -Value 

Rep 3 1.22 0.3056 3.89 0.01 2.05 0.1093 0.58 0.63 

Run 1 0.8 0.3728 3.25 0.0732 126.86 <.0001 0.5 0.4785 

WaterRga 3 22.95 <.0001 9.83 <.0001 4.54 0.0121 31.19 <.0001 

WaterRg*Run 3 4.32 0.0057 2.18 0.0924 0.46 0.6304 0.09 0.9678 

DWTa 8 3.57 0.0007 0.89 0.5291 2.87 0.0052 5.14 <.0001 

DWT*Run 8 1.09 0.3691 2.02 0.0466 1.07 0.3844 1.55 0.1435 

WaterRg*DWT 24 16.64 <.0001 5.07 <.0001 1.88 0.0265 1.85 0.0123 

WaterRg*DWT*Run 24 1.71 0.0263 1.43 0.0988 1.82 0.0333 0.81 0.7236 

a. Abbreviation: WaterRg = Watering regime. DWT = Distance from the water table. 
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Table 2. ANOVA results for split-plot analysis of soybean root fresh and dry biomass, and 

root length.  

Source df 

Root Fresh 

Biomass 

Root Dry 

Biomass Root Length 

  F P -Value F P -Value F P -Value 

Rep 3 1.91 0.1305 0.23 0.8766 3.63 0.0148 

Run 1 2.85 0.0937 0.22 0.6436 7.42 0.0074 

WaterRga 3 30.23 <.0001 66.1 <.0001 71.89 <.0001 

WaterRg*Run 3 1.98 0.1204 0.43 0.7334 0.73 0.5386 

DWTa 8 9.02 <.0001 2.86 0.0056 13.43 <.0001 

DWT*Run 8 0.62 0.7624 1.09 0.3725 1.89 0.0662 

WaterRg*DWT 24 5.47 <.0001 4.1 <.0001 5.53 <.0001 

WaterRg*DWT*Run 24 0.67 0.8759 0.6 0.9275 1.11 0.3423 

a. Abbreviation: WaterRg = Watering regime. DWT = Distance from the water table. 
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Figure 1. A. Schematic of water table depth gradient box construction. B. Length section through 

a gradient tank showing, row placement, distance from the water table and capillary fringe of a 

loamy sand soil (Henry et al. 2009). 

 



154 

 

 

 
Figure 2. The effect water table depth and watering regimes had on volumetric water content at 

12 cm depth. 
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Figure 3. The effect water table depth and watering regimes had on volumetric water content at 

20 cm depth. 
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Figure 4. The effect of water table depth and watering regime on soybean height.  
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Figure 5. The effect water table depth and watering regime had on soybean leaf number.  
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Figure 6. The effect water table depth and watering regime had on soybean shoot dry biomass.  

 

 

 

 

 

 

 

 

 

 

 



159 

 

 

 
Figure 7. The effect water table depth and watering regime had on soybean root dry biomass.  
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Figure 8. The effect water table depth and watering regime had on soybean root length. 

 


