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A research project was conducted at the West Florida Research and Education 

Center Research Farm of the University of Florida (Jay, Florida) to examine the 

competitive interactions involving light in a pecan-cotton alleycropping system. 

Polyethylene root barriers were used to prevent belowground interaction between pecan 

and cotton in half the numbers of test plots.  

Light distribution (interception and absorption) was greatly affected by leaf area 

index of both pecan and cotton. Interspecific competition resulted in varying leaf 

morphology (e.g., specific leaf area) resulting in variations in canopy net photosynthesis 

(Pnet). Eliminating belowground competition via the barrier treatment resulted in a tri-fold 

increase in Pnet over the non-barrier and was comparable to the Pnet in monoculture.   

Despite 50% shading in the alleys, the barrier treatment had similar biomass to that of 

monoculture.  Although cotton yield was similar for the monoculture and barrier 

treatments during the first year of the study, a slight decrease was noted in cotton yield in 
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the barrier treatment in the second year.  Biomass and lint yield always remained lower in 

the non-barrier treatment compared to the other two treatments.  

Cotton root morphology was also affected by interspecific competition. Shading 

resulted in the allocation of more carbon to the aboveground components at the expense 

of the root systems, resulting in lower root:shoot ratio compared to the monoculture.  

Plants in the non-barrier treatment exhibited 25% and 33% reduction in total root length 

compared to barrier and monoculture, respectively.   Similar reduction in root length 

density was observed in comparison to the other two treatments.  Results also revealed 

significant curvilinear relationships between root length and root biomass regardless of 

treatment, but the magnitude of relationship varied, with non-barrier plants producing 

significantly lower root length compared to the barrier and monoculture for the same 

amount of carbon.  

Results of simulation modeling indicated that the CROPGRO-cotton model can be 

used to predict cotton biomass under varying light levels. Correlation analyses indicated a 

significant relationship between measured and simulated aboveground biomass (R2=0.95 

and R2=0.92, respectively for 2001 and 2002).  

Results from this study can be used to improve system design and management 

techniques of pecan-cotton and similar alleycropping systems in the temperate region.   
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CHAPTER 1 
INTRODUCTION  

Statement of the Problem 

In the United States, interest by researchers and landowners in agroforestry has 

recently begun to escalate. However, adoption is hampered by the apprehension of 

landowners, whose cultural practices do not typically employ tree-crop systems, and who 

are unfamiliar with the management skills needed for such complex systems (Zinkhan 

and Mercer, 1997).  

Agroforestry, which is perceived as a practice that can provide optimum production 

while maintaining ecological sustainability, can enhance many of the biophysical 

cornerstones of ecologically-sound agricultural production (Gordon et al., 1997). 

However, much work is needed to document such potentials for greater adoption in 

temperate regions. Agroforestry research in the past has focused on identifying 

advantages and limitations of agroforestry systems, and mechanisms of system dynamics. 

Many of the mechanisms in agroforestry have been identified but not quantified and 

hence remain only partially understood. Although agroforestry research in the temperate 

region is growing, only a few attempts have been made to examine aboveground 

production dynamics of such systems.  The present study was conducted to explore 

competitive interactions involving light in a temperate alleycropping system with pecan 

(Carya illinoensis K. Koch) and cotton (Gossypium hirsutum L.) in the southern United 

States.  The specific objectives were the following: 

1. Determine light distribution in pecan alleys and its effect on cotton production, 
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2. Determine the production physiology of cotton as influenced by interspecific 
interactions, 

 
3. Examine the morphological plasticity of cotton roots in response to interspecific 

competition; and  
 
4. Apply a process-level model to examine cotton production as affected by varying 

levels of light. 
Review of Literature 

Temperate Alleycropping 

The practice of alleycropping involves the cultivation of woody perennials, usually 

for nut or timber production, in rows, while crops are cultivated between the rows 

(United State Department of Agriculture [USDA], 1999). In the southern United States, 

pines (Pinus spp.) have been intercropped with row crops such as cotton (Gossypium 

spp.), maize (Zea mays L.), soybean (Glycine max L. (Merr)), wheat (Triticum spp.) and 

oats (Avena spp.) (Zinkhan and Mercer, 1997; Ramsey and Jose, 2001). Pecan (Carya 

illinoensis K. Koch), an important nut-bearing species, has been intercropped with cotton, 

soybean, squash (Cucurbitaceae spp.), potatoes (Solanum tuberosum) and various grains 

and other crops (Zinkhan and Mercer, 1997; Ramsey and Jose, 2001). Generally, species 

components and management in alleycropping systems can be varied to achieve a variety 

of objectives, primarily, but not limited to, soil management and increases in system 

productivity (Nair, 1993). 

As an association of plant communities, alleycropping is deliberately designed to 

optimize use of spatial, temporal and physical resources by maximizing positive 

interactions (facilitation) and minimizing the negative ones (competition) between trees 

and crops (Jose et al., 2000a, 2000b; van Noordwijk and Luciana, 1999, 2000). More 

often, alleycropping is considered by many to hold potential as a viable and profitable 

land-use system in the United States. Much of the research today in temperate 
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alleycropping has centered around systems in the southern and midwestern U.S. Research 

results from these systems show that profitable agronomic crop production can occur for 

10 or more years for shade-intolerant species, depending on alley width, and longer for 

shade tolerant species (Garrett and Buck, 1997). 

The southern United States alone may have greater potential to practice 

agroforestry in general and alleycropping in particular, than other regions. For one, the 

longer growing season in the South presents more possibilities for agroforestry adoption 

and promotion. However, much work is needed not only to address the apprehensions 

over its adoption due to uncertainties and risks, but also to showcase the potentials of 

such systems for environmental protection and sustainable production of good and 

services.  

Major Factors and Mechanisms in Aboveground Interactions 

Productivity of any agroforestry system is to a large degree the net result of 

positive and negative interactions among the tree and agronomic crop components. 

Interactions occur as component species strive to capture growth resources above and 

belowground (Ong et al., 1996). The likelihood and intensity of interspecific interactions 

decline with decreases in organism density until a maximum yield is reached (Kropff, 

1994). Beyond any maximum-yield density, interactions among plants occur when two or 

more organisms attempt to capture resources from the same location (temporally or 

spatially) (Monteith, 1994). The physical and phenological differences of system 

components can lead to an intensified interaction for capture of the limiting resource(s) of 

a particular agro-ecological system (Ong et al., 1996). Greater capture of the limiting 

resources would be accompanied by an increased ability to utilize nonlimiting resources, 

which by definition are available but underutilized (Cannell et al., 1996). 
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Understanding of the biophysical processes and mechanisms of capture of 

resources in alleycropping systems is, thus, necessary. One such mechanism is the 

aboveground competition for light. Availability of light and its effect upon aboveground 

production are equally important to agricultural system sustainability. When plant growth 

is not limited by water or nutrients, production is limited by the amount of radiant energy 

that the foliage can intercept (Monteith et al., 1991; Kropff, 1994). The effect of light on 

dry matter production has been studied extensively in alleycropping systems 

(Ramakrishna and Ong, 1994; Koslowski and Pallardy, 1997; Lambers et al., 1998; 

Gillespie et al., 2000), and most of these studies revealed strong linear relationship 

between biomass of the understory species and the amount of light intercepted. Biomass 

growth is dependent upon the fraction of incident PAR (400-700 nm) that each species 

intercepts, and the efficiency with which the intercepted radiation is converted by 

photosynthesis (Ong et al., 1996). These factors, in turn, are influenced by time of day, 

aspect, temperature, CO2 level, species combination, photosynthetic pathway (C3 vs. C4), 

canopy structure, plant age and height, leaf area and angle, and transmission and 

reflectance traits of the plant canopy (Monteith, 1978; Brenner, 1996; Kozlowski and 

Pallardy, 1997). 

Trees change the understory environment in such ways as reduced radiation 

availability (Beer et al., 1998), thus affecting the companion crops. As PAR passes 

through a tree canopy, it is subject to changes in quantity (energy) and quality 

(wavelength) (Kozlowski and Pallardy, 1997). Plants growing under reduced levels of 

PAR often show different growth responses in low light than at higher levels, though the 

nature and extent of adaptation varies among species. Reduced radiation poses stresses on 
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plants because irradiance limits photosynthesis and thus net carbon gain and plant 

growth. On the other hand, high light intensities may also be a stressor for plants, 

particularly if other factors are not optimal. Optimal levels of PAR to maximize the net 

assimilation rate are still unclear in alleycropping systems.  

As indicated earlier, low light availability reduces photosynthesis with 

consequences on production. Chirko et al. (1996) noted that production of wheat grown 

at farther distance from the tree (2.5 m) in a temperate alleycropping in China generated 

45.7 kg ha-1 more yield than wheat planted 2.0 m away from the tree line. Droppelmann 

et al. (2000) also reported that yield of sorghum (Sorghum bicolor L.) in  row position 

closest to the tree row was lower than that in rows farther from the tree. A similar 

observation was also made by Nissen et al. (1999), who found that shading reduced the 

yield of cabbage (Brassicas oleracae L.) under a Eucalyptus camaldulenses 

alleycropping system in the Philippines. These authors concluded that the amount of 

radiation intercepted caused row yield differences. However, Gillespie et al. (2000) 

reported that irrespective of high correlation between PAR and net photosynthesis, 

reduced light level did not have a major influence on the yield of corn (Zea mays L.) 

planted with black walnut (Juglans nigra L.). 

Root Dynamics 

A fundamental hypothesis in agroforestry systems is that different plants occupy 

different soil strata with their respective root systems. Knowledge of the spatial 

distribution and density of tree-crop root systems is necessary in order to understand both 

above-and-belowground processes including assessment of the degree of 

complementarity and competition among system components (Schroth, 1999). The 

number of roots or the root length density is an important factor that determines the 
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dynamics of belowground competition. The potential of plants to compete for soil 

nutrients and water resources from the same soil is proportional to their root length 

density (Bowen, 1985; Schroth and Zech, 1995; Livesley et al., 2000).  

Belowground competition is most likely to occur when two or more species have 

developed a specialized root system that directs them to explore the same soil strata for 

growth resources (Van Noordwijk et al., 1996). This can be problematic even in mixed-

species systems. Researchers in the temperate zone, humid tropics and semiarid tropics 

have reported observing the greatest concentration of tree root density within the top 30 

cm of soil, the region predominantly explored by crop rooting systems (e.g., Itimu and 

Giller, 1997; Lehmann et al., 1995; Nissen et al., 1999; Immo and Timmer, 2000; Jose et 

al., 2000a, 2000b) to about 50 cm soil depth (Rao et al., 1998) where severe water and 

nutrient competition exist.  

Even in a system where complementary interactions are taking place, some amount 

of competition can be expected, since each species is vying for resources from the same 

finite pool (Ong et al., 1996). The root systems of all components in an intercropping 

study in semiarid Kenya, consisting of maize and tree species Grevillea robusta (Cunn.) 

and Gliricidia sepium (Jacq.), were found to occupy most heavily the top 20 cm of soil 

and decreased in density with depth. However, there was some degree of temporal 

separation in rooting patterns since the tree roots decreased 71% and 54% (for Gliricidia 

and Grevillea, respectively) by the end of the rainy season, when maize root density was 

at its highest. Chirwa et al. (1994) and Lehmann et al. (1998) also observed spatial 

separation of roots of Acacia saligna and sorghum in their individual studies. Acacia 

developed a greater root system in a deeper layer of soil to minimize or avoid 
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competition for water with sorghum, which developed greater root density at the upper 

soil layer. 

Interspecific competition for resources can greatly affect partitioning of biomass 

between shoot and roots. Root-shoot ratio tends to respond to environmental growth 

conditions. When light becomes a limiting factor, plants partition more carbon to 

aboveground component resulting in lower root-shoot ratio. However, when water is 

limiting, photosynthates are diverted belowground for root development, resulting in 

higher root-shoot ratio, in order to enhance capture of resources, as observed for maize 

grown with Leucaena leucocephala (Lam.) in semiarid India (Klepper, 1991; 

Govindajaran et al., 1996). This mechanism, however, can occur differently in temperate 

regions where tree pruning is not a practice and where shady environments may thus 

ensue. Water competition can lead the crop component to allocate substantial amounts of 

carbon, not to root, but to shoot in response to limiting light (Smith and Huston, 1989; 

Sack and Grubb, 2002; Jose et al., 2002).  

Modeling in Agroforestry 

Modeling is becoming an integral part of agroforestry research as scientists seek to 

understand the complexities of agroforestry systems. As a complex system, agroforestry 

inevitably experiences interactions between and among system components, as earlier 

presented, and the effects of these interactions should be thoroughly quantified. Most of 

the research conducted on tree-crop functioning in agroforestry systems has revealed 

significant relationships (either positive or negative) among system components with 

regard to their use of available growth resources (i.e., light, water, and nutrients). Only 

few attempts, however, have been made to quantify the relationships holistically through 

model application.  
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Agroforestry models, when used appropriately, can assist in evaluating agroforestry 

alternatives, testing research hypotheses and understanding the processes and interactions 

of system components (Jagtap and Ong, 1997; Muetzelfeldt and Taylor, 1997). In recent 

years, several integrated computer-based agroforestry models have been developed in 

response to the need for handling the many social, economic and ecological variables 

encountered in dealing with complex agroforestry systems. Among others, these models 

include WaNuLCAS (water, nutrients, light capture in agroforestry systems; Van 

Noordwijk and Lucian, 1999, 2000); SCUAF (soil changes in agroforestry; Young and 

Muraya, 1990); and HyCAS (simulating competition for light, water and nutrients in 

Cassava; Matthew and Lawson, 1997). The WaNuLCAS model, for instance, is an 

integrated model of tree-crop interactions based on above- and below-ground resource 

capture and competition for water, nutrients and light under different management 

scenarios in agroforestry systems. Integrated modeling accounts for the numerous 

combinations possible between plants and environments. It is, thus, necessary that models 

should support experimentation as much as possible, by (or through) testing and 

predicting the most suitable plant associations. 

The use of models to predict production has been used in several environments. 

Mayus et al. (1999) found a reasonable agreement between simulated and measured soil 

water content and dry matter production of millet (Pennisetum glaucum (L.) R. Br.) 

planted under a windbreak system (Bauhinia rufescens Lam) in Sahel, Niger, using the 

WIMISA (Winbreak Millet Sahel) model. Mayus et al. (1999) concluded that the model 

was appropriate for analyzing competition for light and water between windbreaks and 

crops. Further, in another study, after calibration of the Hydrus-2D model applied in 
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Amazonian agroforestry system, Schlegel et al. (2004) showed a good conformity 

between simulated and measured water uptake by Pueraria phaseoloides (Roxb) and 

Bactris gasipeas H. B. K intercropped together. Also, application of the APSIM 

(agricultural production system simulator) model in a hedgerow intercropping system in 

the Philippines showed that the model gave acceptable prediction of maize yields and soil 

loss when compared to the actual data (Nelson et al., 1998). APSIM accurately predicted 

the fluctuation in maize yield associated with seasonal climatic variation and 

environmental soil conditions.   

Traditional agroforestry and agronomic experiments are conducted at particular 

time and space, making results site- and season-specific, as well as time consuming and 

expensive. Unless new data and research findings are put into formats that are relevant 

and accessible, they may not be used effectively. The DSSAT (decision support system 

for agrotechnology transfer) (Tsuji, 1994; Jones et al., 1998, 2003) model, which is 

widely used in pure agricultural systems, can also be applied in agroforestry systems. 

DSSAT, along with the agroforestry models earlier mentioned, can be used to integrate 

knowledge about systems’ biophysical characteristics and necessary management 

regimes for making better decisions for transferring production technology. The DSSAT 

model has been widely adapted to better control and manage the particular system of 

interest.  

An improved understanding of tree-crop interactions on capture and use of 

resources would provide a greater scientific basis for developing appropriate 

recommendations and strategies to improve or enhance productivity. While the adoption 

of agroforestry in temperate regions remains critical, there is not much understanding of 
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the interactive dynamics of light in such systems and the resulting impacts on system 

yield and sustainability. From an agronomic standpoint, the effects of tree-crop 

interactions must ultimately be considered in light of the efficiency of the component 

species to yield under limiting light environments. 
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CHAPTER 2 
INTERSPECIFIC COMPETITION IN A PECAN-COTTON ALLEYCROPPING 
SYSTEM IN THE SOUTHERN UNITED STATES: IS LIGHT THE LIMITING 

FACTOR? 

Introduction 

The manner in which light is intercepted by crop canopies and converted to 

structural dry matter can significantly affect primary production at a given site. A number 

of authors have investigated plant performance under different environmental conditions, 

including different levels of light, in alleycropping and similar agroforestry systems 

(Azam-ali et al., 1991; Monteith et al., 1991; Rosenthal and Gerik, 1991; Heitholt et al., 

1992; Gilliespie et al., 2000; Jose et al., 2000a, 2000b). These studies have revealed 

strong linear relationships between photosynthetically active radiation (PAR, 400-700 

nm) and dry matter production.   

Plants that develop under low levels of PAR such as in agroforestry systems grow 

and develop differently than plants grown under full sun (Monteith et al., 1991; Lambers 

et al., 1998).  The amount of intercepted PAR becomes the major determinant of biomass 

production when belowground resources are not limiting.  This relationship has been 

conceptualized as the time integrated product of three factors (Monteith et al., 1991): 

W = ∫ ε.i.Q. dt       equation (1) 

where W is crop biomass (Mg ha-1), ε is the radiation use efficiency (RUE), amount of 

biomass produced per absorbed light, i is the incident PAR intercepted by the canopy (MJ 

m-2) and Q is the PAR incident at the top of the canopy (MJ m-2) .  Light interception by 

plants has been shown to be affected by several factors (Beer et al., 1998; Bellow and 
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Nair, 2003). These factors include leaf area, spatial distribution of leaves, crown height 

and diameter among others.  

Crop growth and development in alleycropping systems depend on the intensity 

and availability of light. As such, how much light is captured and how efficiently it is 

used to create dry matter must be considered in the design and management of 

alleycropping systems. Understanding the temporal and spatial variations in light 

transmittance and subsequent crop production is of great importance in this context.  

Hence, the objectives of this study were to (1) quantify the spatial and temporal 

distribution of light in an alleycropping system involving pecan (Carya illinoensis K. 

Koch) and cotton (Gossypium hirsutum L.) and (2) determine its effect on the 

productivity of cotton.  Our primary hypothesis was that cotton with its characteristic C3 

photosynthetic pathway would perform well under shade if light levels in the alleys were 

above the light saturation point and belowground competition for water and nutrients was 

alleviated. We further hypothesized that cotton grown in alleycropping might exhibit 

higher RUE than that of monoculture cotton due to competition for light between system 

components.  

Materials and Methods 

Study Area 

The study was conducted in a 50-yr old pecan orchard converted into an 

alleycropping system, located in Jay, Florida, USA (30°47 N, 87°13 W). The climate is 

considered temperate with moderate winters and hot humid summers. The soil is 

classified as a Red Bay sandy loam and described as a fine-loamy, siliceous, thermic 

Rhodic Paleudult.  
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The pecan trees were planted at a uniform spacing of 18.3 m and remained under 

grass cover for 29 years until the initiation of the current study. Ten plots were 

established within the orchard and arranged into five blocks using a randomized complete 

block design in spring 2001. Each plot, which consisted of two rows of trees oriented in a 

north-south direction, was 27.4 m long and 18.3 m wide, with a practical cultivable width 

of 16.2 m, and was separated from its adjacent plot by a buffer of the same dimensions. 

Each block was randomly divided into a barrier plot and a non-barrier plot. Barrier plots 

were subjected to a root pruning treatment in which a trenching machine was used to dig 

a 0.2 m wide and 1.2 m deep trench along both sides of the plot at a distance of 1.5 m 

from the trees to separate root systems of pecan and cotton. A double layer of 0.15 mm-

thick polyethylene sheeting was used to line the ditch prior to mechanical backfilling. 

The barrier plots (referred to as barrier treatment or barrier plants) thus served as the tree 

root exclusion treatment, preventing interaction of tree and cotton roots, while the non-

barrier plots (referred to as non-barrier treatment or non-barrier plants), which did not 

receive this treatment, served as the tree-crop competition treatment. Monoculture plots 

(referred to as monoculture treatment or monoculture plants) were also established to 

compare production with barrier and non-barrier treatments (Allen, 2003; Wanvestraut et 

al., 2004).  

Sixteen rows of cotton, one meter apart, were planted in each alley. Cotton 

(DP458/RRvariety) was planted in a north-south orientation on 16 May 2001 and 13 May 

2002 after disking the alleys.  

PAR and Radiation Use Efficiency 

Two 0.8 m Decagon Ceptometers (Decagon, Devices, Inc., Model SF-80, Pullman, 

WA), consisting of 80 PAR sensors with each sensor placed at a 1 cm interval, were used 
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to measure incoming, transmitted, and reflected PAR (400-700 nm) in the alleys. 

Incoming PAR (Qi) was measured right above the cotton canopy. Diurnal transmission of 

incoming radiation to cotton plants at rows 1, 4, 8, 13, and 16 was measured every hour 

from 7:00 a.m. to 6:00 p.m. Measurements were made twice a month from June to 

October 2001. Light measurement started immediately, two weeks after the cotton plants 

emerged. The two Ceptometers were used simultaneously to measure Qi in external Rows 

(Row 1 and 16), the intermediate rows (Rows 4 and 13) and then the middle row (Row 8) 

to ensure minimal variation in light readings among the rows for the specific time of 

measurement. Ten random sample light readings along each row were recorded and 

averaged in each plot. Incoming radiation outside the orchard was also measured one 

meter above the ground before and after measuring Qi for each row. 

An inverted Decagon Ceptometer located 1.0 m above the cotton also measured 

canopy reflected radiation. Reflected radiation in each row at the time of measurement 

was taken and then averaged. Light transmittance and reflection were measured on clear 

sunny days. 

The transmission coefficient, k, for cotton growing in rows 1, 4, 8, 13 and 16 was 

calculated based on the Beer-Lambert law. Absorbed PAR by the cotton canopy in each 

row of both alleys was then determined from the calculated k, reflected PAR, and 

calculated LAI values: 

APAR = (Qi- reflected PAR) x (1 – Exp (-k* LAI)  equation (2). 

Litterfall was collected using 1 m x 0.5 m 2mm screen litter traps. Four litter traps 

were randomly placed in each plot, of which one litter trap was installed per row. Litter 
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traps were also installed under pecan trees to collect pecan foliage. Litter was collected 

twice a month from August to November 2002.  

Leaves collected from litter traps were separated by species (pecan and cotton) and 

were stored, oven-dried at a constant temperature (70oC), and then weighed. The litterfall 

and specific leaf area (SLA; leaf area per unit weight; described below) data were used to 

calculate the LAI of cotton plants in each row.   

SLA of cotton was determined monthly in 2001 and 2002 by collecting six fully 

expanded leaves in each row. SLA of pecan was determined by harvesting 20 leaves each 

of sun and shade in August 2001 and August 2002, during the peak of pecan growth. 

Twenty-four pecan trees in the orchard and three trees in the monoculture pecan were 

sampled for SLA. Leaf area was determined using a leaf area meter (Li-Cor, Lincoln 

Nebraska), oven-dried for three days at 70oC and weighed.  

RUE (g MJ-1) of cotton was determined for 2001 and 2002. Daily Absorbed PAR 

by cotton, measured twice a month, was determined based on the diurnal (7:00 am to 

6:00 pm) readings of PAR.  

Biomass and Lint Yield 

In 2001, aboveground biomass of cotton was harvested at physiological maturity. 

In 2002, aboveground biomass was quantified monthly, from July to October. Whole 

plants (separated into leaves, stem, and bolls) were harvested in 1m x 1m subplots in each 

row in each plot. Harvested plants were dried for 72 hours at 70oC, and weighed. 

Biomass was expressed on a per area (m2) basis.  

Lint yield of cotton in each row (rows 1, 4, 8, 9, 13 and 16) in each treatment as 

well as in the sole stand (monoculture) was quantified by harvesting two random strips of 
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0.61 m. x 6.1 m. in each row. Lint dry weight was determined following oven drying 

(70oC) for 48 hours. 

Data Analysis 

Statistical analyses were performed using the proc-mixed procedure within the 

framework of Split block design (SAS Institute, Cary, NC). The Shapiro-Wilk’s test was 

used to test for normality of distribution. A logarithmic (log(x+1)) transformation was 

performed to improve normality when necessary. Least square mean differences were 

performed to determine significant differences of the means at α = 0.05. 

Results 

Incident and Absorbed PAR  

Light availability inside the pecan alley was affected by the LAI of pecan, which 

varied by treatment. Mean LAI of pecan in the barrier treatment (3.64) was 17% lower 

than that in the non-barrier treatment (4.39) (Table 2-1), resulting in 25% higher average 

growing season daily incident light transmittance for the barrier cotton plants (Figures 2-

1 and 2-2). In general, the pecan trees caused about 50% reduction of incoming incident 

light to cotton plants compared to the daily average light received by the monoculture 

plants.   

Diurnal changes in spatial variation (resulting from row location) of incident PAR 

is illustrated in Figure 2-1a. Irrespective of the barrier treatment, incident light 

transmittance by row changed with time of the day, with rows situated on the eastern part 

of the alley (Rows 16 and 13) receiving more light during the morning hours while rows 

located on the western side (Rows 1 and 4) were shaded. However, this pattern was 

reversed in the afternoon, with eastern rows being shaded and western rows receiving 

greater amount of PAR. At midday, incident PAR was high in Row 8 (middle row) and 
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remained high until mid-afternoon while all other rows also received high levels of PAR 

(Figure 2-1a).   

LAI of cotton differed significantly among treatments.  Cotton LAI values ranged 

from 1.72 for the non-barrier treatment to 3.15 for the barrier treatment. Lower LAI in 

non-barrier plants resulted in less light absorption. Differences in light extinction 

coefficients and absorbed PAR were also noted among treatments (Table 2-1). Cotton in 

the barrier treatment had greater amount of light absorbed and higher light attenuation 

compared to the non-barrier plants. The mean light extinction coefficient in monoculture 

plants was 17.9% lower than in barrier plants, but 30.1% higher than that in the non-

barrier plants (Table 2-1). Although LAI of monoculture cotton was 15.2% lower than 

that of the barrier treatment, monoculture cotton exhibited greater light absorption due to 

higher incident PAR.  

Light extinction coefficient showed a significant, but weak negative correlation 

with LAI (R2 = 0.43) (Figure 2-3). PAR absorbed by cotton also exhibited significant 

curvilinear relationships with LAI (R2 = 0.61 and R2 = 0.78 for cotton growing in the 

orchard and in monoculture, respectively) (Figure 2-4). 

Biomass and Lint Yield 

Cotton in the barrier treatment produced 60% higher biomass compared to non-

barrier treatment, but was statistically similar to biomass produced in monoculture both 

years of the study (Table 2-2). In 2002, there was an average 45% decline in 

aboveground dry matter across all treatments. Biomass in non-barrier treatment was 

39.5% and 36.2% lower than that in the barrier and monoculture treatments, respectively.   

In 2001, inter-row difference in aboveground biomass was significant (P = 0.0038) 

in the non-barrier treatment. Aboveground biomass increased in Row 8 (P = 0.0014) by 
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39% over Row 1 and by 15% compared to Row 4 (P = 0.0091).  Inter-row variation in 

2002 was not significant in either the barrier or the non-barrier treatments (Table 2-2). 

Restricting belowground competition had an impact on cotton lint yield both years 

and lint yield differed significantly between 2001 and 2002. In 2001, lint yield in the 

barrier treatment (70.04 g m-2) was higher than that of the non-barrier treatment (51.54 g 

m-2) (P = 0.0324), but was not different from the monoculture treatment (69.01 g m-2). In 

2002, lint yield in barrier treatment was again higher than the non-barrier treatment but 

lower than monoculture. Inter-row variation in lint yield was not significant for the non-

barrier treatment. However, the presence of the barrier had the greatest impact on plants 

in row 1 resulting in greater yield compared to the intermediate and middle rows.  

LAI and lint yield showed a significant curvilinear relationship in our experiment 

(R2 = 0.45; P < 0.0001) (Figure 2-5). Maximum lint yield was obtained when LAI was 

between 3.0 and 4.0.  Increase in LAI beyond 4.0 did not result in an increase in lint 

yield. 

Radiation Use Efficiency 

Cotton aboveground biomass and lint yield were both influenced by levels of 

cumulative absorbed PAR. Although R2 values (R2 = 0.44 and R2 = 0.41, respectively for 

2001 and 2002) were low, the relationship between aboveground biomass and PAR was 

significant and linear (Figure 2-6). Similarly, lint yield of cotton exhibited significant and 

strong curvilinear relationship with cumulative absorbed PAR (R2 = 0.61, R2= 0.58) 

(Figure 2-7). Apparently, maximum lint yield (90 g m-2 for barrier treatment and 70 g m-2 

for non-barrier) was achieved at approximately 500 MJ m-2 and 400 MJ m-2, respectively, 

for the barrier and non-barrier treatments (Figure 2-7).  
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Significantly higher leaf area of the barrier plants that captured more light resulted 

in 31% and 52% higher RUE than that in the non-barrier and monoculture plants (Table 

2-3). RUE in 2001 did differ significantly among treatments (P = 0.0017). However, 

there was an average 47% reduction in RUE in all treatments in 2002 compared to 2001 

(Table 2-3). Monoculture plants had the lowest RUE in both years and were statistically 

similar to that of the non-barrier plants in 2002. Inter-row variation in RUE was non-

significant both years in all the treatments except for non-barrier plants in 2001. In the 

non-barrier treatment, RUE of plants in Row 1 was significantly lower than that in rows 4 

and 8 (P = 0.0002) (Table 2-3).  

Discussion 

Light has been identified as one of the major limiting factors influencing 

production in many agroforestry systems (Monteith et al., 1991; Corlette et al., 1992; 

Nair, 1993; Chirko et al., 1996; Jose et al., 2004) including temperate (Gordon and 

Newman, 1997; Gillespie et al., 2000) and tropical (Lawson and Kang, 1990; Karim et 

al., 1993; Nissen et al., 1999) alleycropping. In all these studies, decrease in incident light 

resulted in lower crop production.  

In our study, aboveground biomass and yield of cotton were strongly affected by 

the amount of light absorbed by cotton. The amount of light absorbed, in turn, was a 

function of both the amount of incident light and cotton leaf area. Although the absorbed 

PAR was 42% lower for the barrier plants compared to the monoculture plants in 2001 

(Table 2-1), lint yield was similar for both treatments. This clearly supports our 

hypothesis that cotton can grow and yield reasonably well under moderate shade (50% 

shade in the barrier compared to monoculture, Figure 2-2). However, as hypothesized, if 

belowground competition for water and nutrients existed (as in the non-barrier treatment), 
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PAR capture was lower because of reduction in cotton LAI, hence resulting in lower 

yield. LAI of plants in the non-barrier treatment was 45% lower than in the barrier 

treatment. Barrier plants outperformed non-barrier plants in both years with nearly 40% 

and 60% higher biomass and yield. Lower pecan leaf production and self-shedding that 

took place in both years (personal observation) also resulted in slightly higher 

transmission of incident light to the barrier plants compared to the non-barrier plants. 

LAI has long been recognized as an indicator of plant productivity. Although, 

regression analysis showed a weak relationship between LAI and yield in our experiment 

(R2 = 0.45), the relationship was still significant (P < 0.0001) (Figure     2-5). Rosenthal 

and Gerik (1991) reported a similar, but stronger relationship (R2 = 0.90) between 

absorbed PAR and lint yield for cotton grown under irrigated conditions.  Cotton plants 

in our system attained maximum yield (approximately 65 g m-2) between LAI values of 

3.0 and 4.0, which is in agreement with Heitholt et al. (1992) who observed maximum 

yield between the same range of LAI. Heitholt et al. (1992) further concluded that this 

range of LAI provided the optimum absorption of incident light by cotton, which is also 

in agreement with our results (Figure 2-4).  

The trade-off hypothesis (Smith and Huston, 1989) states that plants grown under 

shade tend to preferentially allocate carbon in building larger canopies, for greater 

capture of light, at the expense of root systems (Kozlowski and Palardy, 1997; Jose et al., 

2002). Despite shading, there was no such increase in leaf area in the non-barrier 

treatment compared to the monoculture treatment.  However, eliminating belowground 

competition resulted in larger canopy (higher aboveground biomass (Chapter 4)) and 

higher LAI for the barrier plants in response to shading. Similar results have been 
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reported before. For example, Zhao and Oosterhius (1998) noted in their experiment that 

cotton under shade expanded their leaves resulting in larger leaves and higher LAI. 

Increasing leaf area by the plants enhances the ability to capture more light under light 

limiting conditions. As expected, distance from tree rows had an impact on the growth of 

non-barrier plants, affecting their biomass and yield. For the non-barrier plants, any 

benefit from the edge effect (increased development due to lack of intraspecific 

competition on one side) was not detected. Instead, there was a trend of decreasing LAI 

and yield with closer proximity to the tree row. This reaffirms the earlier findings from 

the same study site that competition for water is perhaps intense in the non-barrier 

treatment compared to the barrier treatment (Wanvestraut et al., 2004). 

RUE is an indirect expression of the photosynthetic capacity of plants at the whole 

plant level (Muchow and Sinclair, 1993; Bennett et al., 1993). The barrier plants had 30% 

higher efficiency in utilizing light and converting it into biomass in both years compared 

to the non-barrier plants. In 2002, RUE in non-barrier plants was statistically similar to 

that of monoculture plants. Lower light interception, coupled with competition for 

belowground resources in the non-barrier treatment, affected biomass production and 

consequently RUE by the non-barrier plants (Table 2-3). With high levels of light 

available for growth, monoculture plants exhibited about 50% lower RUE compared to 

the barrier plants. The values we observed for RUE (0.71 to 2.37 g MJ-1) are within the 

range of published values for C3 plants. Kiniry et al. (1989) found RUE ranging from 2.0 

to 3.0 g MJ-1 while Rosenthal and Gerik (1991) found RUE values of 1.3 - 1.5 g MJ-1 for 

cotton grown in a narrow-row planting configuration.     
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In addition to light, competition for water and nutrients can also affect RUE 

through their effect on plant growth. For example, Bange and Milroy (1998) showed that 

cotton fertilized with 150 kg ha-1 of N had higher RUE (1.07 g MJ-1) than cotton 

receiving only 113 kg ha-1 N (0.89 g MJ-1). Sinclair and Horie (1983) found that foliar 

nitrogen was positively correlated to RUE of cotton grown under open field conditions. 

The decline in RUE from 2001 to 2002 in our system could also be attributed to decline 

in soil nutrient status. Allen (2003) reported a significant decrease in soil nitrogen 

mineralization rate in our system from 2001 to 2002 growing season, which was caused 

by a declining fallow effect.  

Conclusions 

Despite having lower light transmittance (about 50% of outside PAR) in the alleys, 

cotton aboveground biomass was comparable to monoculture in both years.  It is 

reasonable to assume that light is not a limiting factor in the production of cotton in our 

alleycropping system. Cotton tolerated moderate shade and provided acceptable yield 

when belowground competition was alleviated. Results also revealed a curvilinear 

relationship between light absorbance and lint yield. Light absorbance, in turn, was 

influenced by LAI, which varied significantly among treatments. The optimum LAI (3.0 

to 4.0) for maximum light absorbance and lint yield was observed in both the 

monoculture and the barrier treatments, indicating that competition for belowground 

resources played a major role than competition for light in this particular system.  The 

results offer promise for establishing alleycropping systems in new or existing nut or fruit 

orchards by planting C3 crops in the alleys.  However, management strategies such as 

early root training or root pruning need to be explored so that belowground competition 

for resources could be alleviated. 
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Table 2-1.  Leaf area index (LAI), light extinction coefficient (k) and mean absorbed 
photosynthetically active radiation (PAR) of cotton in non-barrier, barrier and 
monoculture treatments. 

Treatment LAI k APAR 
   (µmol m-2 s-1)
 Cotton Pecan   

     
Non-Barrier 1.72 4.39 0.51 541.44 
     
     
Barrier 3.15 3.64 0.89 765.00 
     
     
Monoculture 2.67  0.73 1330.65 
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Table 2-2.  Aboveground biomass production of cotton in barrier, non-barrier and 

monoculture treatments in 2001 and 2002 growing seasons. 

Treatment Row Aboveground biomass  
% 

change 
    (kg ha-1)   
      
  Year 2001  Year 2002  
      
No Barrier 1 284.17bc1 194.65a 32
  (31.22)2 (34.61)  
    
 4 336.27b 201.11a 40
  (34.38) (34.06)  
    
 8 468.27a 192.17a 59
  (37.92) (23.78)  
    
 Mean3 362.91B 195.98B 46
  (27.71) (17.47)  
    
 p value5 0.0038 0.9403  
    
Barrier 1 526.09a 294.35a 44
  (70.91) (30.70)  
    
 4 576.53a 292.54a 49
  (44.99) (49.27)  
    
 8 622.45a 396.44a 36
  (56.10) (73.08  
    
 Mean3 575.02A 323.74A 44
  (32.89) (30.02)  
    
 p value5 0.3021 0.1825  
    
Monoculture Mean3 545.82A 307.09A 44
  (21.23) (11.81)  
p value4   0.0020  0.0303   

1 Within-treatment values followed by the same lowercase letter are not significantly different at 
the 0.05 level of probability 
2 standard error of the mean are given in parenthesis 
3 Mean indicates the treatment means 
4 p value indicated significance between treatment means 
5 p value indicated significance among rows in specific treatment 
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Table 2-3. Radiation use efficiency of cotton in barrier, non-barrier and monoculture 
treatments in 2001 and 2002 growing seasons. 

Treatment Row Radiation Use Efficiency (g MJ-1) % change 
  Year   
    2001  2002   
      
No Barrier 1 1.07c1 0.71a 34
  (0.16)2 (0.20)  
    
 4 1.53b 0.92a 40
  (0.09) (0.12)  
    
 8 2.13a 0.9a 58
  (0.13) (0.14)  
    
 Mean3 1.57B 0.84B 46
  (0.19) (0.12)  
    
 p value5 0.0002 0.4115  
    
Barrier 1 1.99a 1.09a 45
  (0.22) (0.10)  
    
 4 2.41a 1.11a 54
  (0.40) (0.14)  
    
 8 2.37a 1.38a 42
  (0.27) (0.20)  
    
 Mean3 2.26A 1.19A 47
  (0.20 (0.12)  
    
 p value5 0.3201 0.1928  
    
Monoculture Mean3 1.09C 0.58B 49
  (0.04) (0.02)  
    
p value4   0.0017  0.0031   

1 Within-treatment values followed by the same lowercase letter are not significantly different at 
the 0.05 level of probability 
2 standard error of the mean are given in parenthesis 
3 Mean indicates the treatment means 
4 p value indicated significance between treatment means 
5 p value indicated significance among rows in specific treatment  
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Figure 2-1. Average diurnal variation of light transmittance to cotton A) in different rows 
and B) in different treatments in a pecan-cotton alleycropping system in 
northwest Florida. 
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Figure 2-2. Mean photosynthetically active radiation transmitted to cotton in barrier, non-

barrier and monoculture treatments in a pecan-cotton alleycropping system in 
northwest Florida. 

 
 

 

 

 

 

 

 

 

 

 

Figure 2-3. Relationship between LAI and light extinction coefficient (k) in a pecan-
cotton alleycropping system in northwest Florida. 
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Figure 2-4. Relationship between LAI and absorbed photosynthetically active radiation in 

a pecan-cotton alley cropping system in northwest Florida. 
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Figure 2-5. Relationship between LAI and cotton lint yield in a pecan-cotton 
alleycropping system in northwest Florida. 
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Figure 2-6. Relationship between aboveground biomass production and cumulative 
absorbed PAR in a pecan-cotton alley cropping system in northwest Florida. 

 

Figure 2-7. Relationship between lint yield production and cumulative absorbed PAR in a 
pecan-cotton alleycropping system in northwestern Florida. 
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CHAPTER 3 
INTERSPECIFIC COMPETITION IN A PECAN-COTTON ALLEYCROPPING 

SYSTEM IN THE SOUTHERN UNITED STATES:  PRODUCTION PHYSIOLOGY  

Introduction 

It is well known that canopy level mechanisms influence growth and yield in 

plants. Leaf level traits such as specific leaf area (SLA), specific leaf nitrogen (SLN) and 

net photosynthesis (Pnet) have all been explored in explaining growth and yield in 

agronomic and forestry systems (Reich et al., 1998a, 1998b, 1999; Zhao and Oosterhius, 

1998; Gillespie et al., 2000). These traits, which influence carbon fixation and allocation 

patterns in plants (Evans, 1989; Sinclair et al., 1993; Muchow and Sinclair, 1993; 

Pettigrew et al., 2000;  Milroy and Bange, 2003), are greatly influenced by resource 

(light, water and nutrients) competition and availability. 

Plants develop and grow differently under different environmental conditions. All 

plants respond morphologically and physiologically to shade and vary considerably in 

regard to their shade tolerance. Plants that grow in low-light environment invest 

relatively more of the products of photosynthesis and other resources in building greater 

leaf surface area, resulting in thinner leaves and higher specific leaf area (SLA). This, in 

turn, is associated with relatively fewer and smaller palisade and mesophyll cells and that 

may affect the photosynthetic capacity per unit leaf area.  In contrast, plants grown in full 

sun develop thicker leaves, which contain more photosynthetic apparatus and thereby 

exhibit a higher rate of Pnet per unit leaf area (Pettigrew et al., 1993; Lambers et al., 1998; 

Taiz and Zeiger, 2000).  Thus, low light intensity limits photosynthesis and thereby net 
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carbon gain and plant growth. High light intensity may also limit photosynthesis, 

particularly if other factors are not optimal (Lambers et al., 1998). 

In alleycropping systems, the photosynthetic response of understory plants to 

shading may also depend on the carbon fixation pathways of the associated crop species. 

It is well known that the photosynthetic rate of C3 plants increases sharply as PAR 

increases from deep shade up to approximately 25% to 50% of full sunlight, then peaks 

and remains constant with increasing light. However, C4 species do not become light-

saturated and the photosynthetic rate continues to increase up to full sunlight (Monteith, 

1978; Kozlowski and Pallardy, 1997; Lambers et al., 1998).  As a result, C3 crop plants 

may be better suited for alleycropping than C4 plants.  For example, a study by Gillespie 

et al. (2000) in the midwestern United States showed substantial reduction in 

photosynthetic rates of maize (Zea mays L.), a C4 species, in a black walnut (Juglans 

nigra L.) alleycropping.  A 45 % reduction in PAR resulted in 40% decrease in Pnet.  

However, cotton, a C3 species, was light saturated at 50 % of the full sun and hence was 

not affected by shading as much in another study (Milroy and Bange, 2003). 

The importance of foliar N in photosynthesis is indicated by the well-known 

positive correlation between foliar N (either %N or SLN) and photosynthetic activity 

(Gulmon and Chu, 1981; Evans, 1989; Field and Mooney, 1986; Harrington et al., 1989; 

Egli and Schmid, 1999). Generally, sun leaves tend to have higher SLN than shade leaves 

(Hollinger, 1996; Bond et al., 1999). SLA and SLN are also often negatively correlated 

across the canopy light gradient (Ellsworth and Reich, 1993; Bond et al., 1999; Grassi 

and Minota, 2000; Stenberg et al., 2001). It has been demonstrated that this N gradient 

results in efficient use of canopy N in carbon fixation (Field, 1983; Werger and Hirose, 
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1991; Chen et. al., 1993). Other feedback mechanisms (i.e., allocation of carbon to roots) 

also function to increase belowground biomass in order to enhance resource capture when 

nutrients such as N are limiting for photosynthetic processes. For instance, cotton planted 

in a monoculture in Arkansas with limiting N increased its root:shoot ratio to enhance 

resource capture for growth.   

Competition for water between system components can also affect agronomic 

productivity in alleycropping (Jose et al. 2000; Miller and Pallardy 2003; Wanvestraut et 

al., 2004).  It is well known that intake of CO2 decreases as water availability decreases 

due to decreased stomatal conductance (Lambers et al., 1998; Taiz and Zeiger, 2000).  

Decreased water availability can thus restrict Pnet on a leaf area and weight basis, which 

often translates into reduced aboveground biomass (Periere et al., 1992; Davis et al., 

1999; Samuelson, 2000). 

The physiological mechanisms affecting production in agroforestry systems have 

received limited attention both in the tropical and temperate regions of the world.  This 

study was designed to examine how SLA and SLN would respond to above- and 

belowground competition for resources and how these mechanisms affect foliar and 

canopy level photosynthesis and thereby aboveground production.  We hypothesized that 

SLA would be higher under shade in the alleycropping system compared to the 

monoculture.  We also hypothesized that this would result in lower SLN for plants in 

alleycropping.  A further reduction in SLN in the non-barrier treatment compared to the 

barrier treatment was expected if competition for N existed.  Changes in SLA and SLN 

would influence the overall canopy net photosynthesis, which, in turn, would affect 

biomass and lint yield. 
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Materials and Methods 

The Study Site 

The study was conducted at the West Florida Research and Education Center farm 

of the University of Florida located in Jay, Florida, U.S.A. (30°47 N, 87°13 W). Climate 

is considered temperate with moderate winters and hot humid summers. The soil is 

classified as Red Bay sandy loam (fine-loamy, siliceous, thermic Rhodic Paleudult) with 

an average water table depth of 1.8 m. Average rainfall and air temperature during the 

2002 growing season (June to October) was 34.85 cm and 24.31°C, respectively.  

For the current study, a pecan-cotton alleycropping system was established in 2001 

from an existing orchard of pecan trees planted in 1954. The orchard had remained under 

non-intensive clover (Trifolium spp.) and rye grass (Lolium spp.) production for 29 years 

prior to the initiation of the current study. Twelve plots were demarcated within the 

orchard and arranged into six blocks using a randomized block design. Each plot, which 

consisted of two rows of trees oriented in a north-south direction, was 27.4 m long and 

18.3 m wide, with a practical cultivable width of 16.2 m and was separated from each 

adjacent plot by a buffer zone of the same dimensions.   

To assess tree root competition, each block was randomly divided into a barrier and 

non-barrier plot. Barrier plots were subjected to a root pruning treatment in March 2001 

in which a trenching machine was used to dig a 0.2 m wide and 1.2 m deep trench along 

both sides of the plot at a distance of 1.5 m from the tree line to separate root system of 

pecan and cotton. Trenches were lined with 0.15 mm-thick polyethylene sheets prior to 

mechanical backfilling. The barrier plots served as the tree-root exclusion treatment 

(referred to as barrier treatment) preventing interaction of tree and cotton roots, while the 

non-barrier (referred to as non-barrier treatment) served as the tree-root competition 
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treatment. Sixteen rows of cotton, one meter apart, were established in each plot. Cotton 

(DP458/RRvariety) seeds were planted in each row along a north-south orientation on 13 

May 2002 using conventional tillage (15-20 cm deep) at a rate of 23,600 seeds per 

hectare in the alley between the pecan tree rows.  

For control purposes, three plots in an adjacent field were maintained as cotton 

monoculture (referred to as monoculture treatment). All treatments received standard 

fertilizer and pesticide application for cotton in the southern U.S. No irrigation was 

applied. 

Gas Exchange Measurements 

Net photosynthetic rate (A) (µmol CO2 m-2 s-1), transpiration rate (E) (mm H2O m-2 

s-1) and stomatal conductance (g) (mm m-2 s-1) were measured using a LICOR 6400 

(LICOR, Lincoln, Nebraska) portable infrared gas analyzer (IRGA). Measurements were 

made four times on a monthly interval from June to September 2002, on the uppermost 

and fully expanded main-stem leaves of three cotton plants in the first, fourth and eighth 

rows. All measurements were taken between 10:00 am and 3:00 pm central daylight 

savings time under ambient conditions on clear sunny days. Instantaneous water use 

efficiency (WUE) defined as the ratio of A and E was calculated for each sampled leaf. 

To determine whether light was a limiting factor in our system, maximum light 

saturated photosynthetic rate (Amax) and intercellular CO2 were also measured under 

constant light (i.e., 2000 µmol m-2 s-1) at the peak of cotton growth in August 2002. Soil 

gravimetric water content was determined at the time of measurement. Photosynthetic 

light response curves were also generated for each treatment at the same time under 

constant air temperature (30°C), relative humidity (60%), and CO2 (370 ppm).  Ambient 

light was used to generate A-Ci curves by measuring A under different CO2 
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concentrations.  Canopy net photosynthetic index (CNPI), an index of the canopy 

photosynthesis was calculated as the product of A or Amax and canopy LAI.  Canopy LAI 

was calculated from canopy biomass and specific leaf area (described below) for each 

treatment. 

Specific Leaf Area (SLA) and Foliar N 

Leaves subjected to gas exchange measurements (six leaves total in each row per 

plot) were collected immediately after measurement to determine SLA. To avoid 

desiccation, leaves were placed in polyethylene bags and placed in a cooler and 

transported to the lab where leaf area was measured using a LICOR-3000 leaf area meter 

(LICOR, Lincoln, Nebraska).  Leaves were then oven-dried at 70°C for a minimum of 72 

hours, ground using a coffee grinder and analyzed for total Kjeldahl Nitrogen. Leaf 

nitrogen concentration was multiplied by specific leaf weight to determine SLN. 

Aboveground Biomass and Lint Yield 

Cotton plant parts such as leaves, stems, bolls, and flowers within 1 x 1 m sub-plots 

were carefully harvested in each main plot. Harvested cotton plants were placed in paper 

bags, dried for 72 hours at 70°C, and then weighed.  

Lint yield (devoid of seeds) of cotton in each row (rows 1, 4 and 8) in each plot 

and in the monoculture was quantified from two 0.61 m x 6.1 m sections in each row.  

Data Analysis 

Analysis of variance (ANOVA) within the framework of a randomized split block 

design was used to test for statistical differences in measured parameters using the mixed 

procedure of the SAS statistical software package (SAS Institute, Cary, North Carolina). 

The Shapiro-Wilk’s test was used to test all data for normality of distribution. 

Logarithmic (log(x+1)) transformation was performed to improve normality when 
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necessary. Differences between means were determined using Least Square Means 

procedure. Treatment effects were considered significant at α = 0.05. Regression analysis 

was used to define relationships between measured variables when necessary. 

Results 

SLA, SLN and A 

There were variations in leaf morphology (leaf area and weight) of cotton among 

treatments resulting in differences in SLA (Table 3-1). Cotton in barrier treatment had 

higher SLA than those of the non-barrier plants. Monoculture plants, which exhibited 

higher leaf weight (0.47 g) and lower SLA, contained significantly higher SLN  (2.30 g 

m-2) compared to those plants in the barrier (1.92 g m-2) and non-barrier (1.99 g m-2) 

treatments (Figure 3-1).  No spatial variations in SLA among rows were found in the non-

barrier treatment, but SLA in row 1 of the barrier treatment was lower from rows 4 and 8 

(P = 0.0038). 

While the barrier and monoculture plants had similar light response curves with 

light saturation occurring at about 50% of the full sun, light saturation was observed at 

about 30% of the full sun in the non-barrier treatment (Figure 3-2).  Light saturated 

maximum photosynthetic rate also varied accordingly.  While Amax was 23 and 25 µmol 

CO2 m-2 s-1 for the barrier and monoculture plants, respectively, it was only 18 µmol CO2 

m-2 s-1 for the non-barrier treatment.   

A positive curvilinear relationship between A and SLN was observed, with peak 

photosynthesis observed between 2.2 to 2.4 mg N m-2 (Figure 3-4).  Since SLN did not 

differ significantly between the barrier and non-barrier plants, it is reasonable to assume 

that the 28% reduction in Amax in the non-barrier plants compared to barrier plants was 

not a result of decreased foliar N.   
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Both E and g were higher in the monoculture compared to the barrier and non-

barrier treatments (Table 3-3). The non-exclusion of cotton roots from pecan resulted in 

lower E and g in non-barrier plants (34.0% and 40.7%, respectively), than those of the 

barrier plants. WUE (2.71 mmol mol-1) of the monoculture plants was statistically similar 

to non-barrier plants (2.59 mmol mol-1). WUE in barrier plants (2.13 mmol mol-1), 

however, was much lower than those of the non-barrier and monoculture plants. 

CNPI vs. Biomass and Lint Yield 

CNPI showed significant differences among treatments (Table 3-3).  Monoculture 

treatment had the highest canopy A, which was 34.2% higher than the barrier treatment.  

Average canopy A in the barrier treatment was 65.3% higher compared to the non-barrier 

treatment (P = 0.0429).   

The barrier treatment resulted in 39.4% increase in aboveground biomass 

(exclusive of lint yield) of cotton plants compared to the non-barrier (323.7 g m-2 vs. 

195.9 g m-2, respectively) treatment. Aboveground biomass production in the 

monoculture plants was 307.01 g m-2 and was statistically similar with barrier but 

different from the non-barrier (P = 0.0303) treatment. There were no inter-row variations 

in aboveground biomass among sampled rows.  Alleviating belowground competition 

resulted in differences in cotton lint yield among treatments (P = 0.0001). Lint yield in 

the barrier treatment (51.02 g m-2) was 66.5% higher than that of the non-barrier 

treatment (17.06 g m-2).    Lint yield was highest for  the  monoculture  treatment  (58.1 g 

m-2).  

Mean aboveground biomass showed a strong and significant relationship with 

CNPI under ambient condition (R2 = 0.63, P < 0.0001). The relationships was further 

improved (R2 = 0.77) when Amax (measured under a constant PAR of 2000 µmol m-2 s-1) 
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was used in the analysis (Figure 3-5).  Similar relationships were also observed between 

CNPI and lint yield (Figure 3-6).  Maximum lint yield was obtained at an optimum CNPI 

of 65 to 70 µmol m-2 s-1. 

Discussion 

Competition for resources in our system has affected leaf morphology of cotton. 

The barrier plants outperformed the non-barrier plants both in their leaf development and 

photosynthetic rates. Large differences were observed in SLA among these treatments 

that affected their gas exchange capacity. Cotton in the barrier and non-barrier treatments 

had higher SLA than the monoculture.   

Foliage formed in low light often has lower A than foliage formed in high light and 

generally has different morphological and biochemical characteristics, such as higher 

SLA and lower leaf N (Cregg et al., 1993; Stenberg et al., 1994; Groninger et al., 1996; 

Jose et al., 2003; Nippert and Marshall, 2003).  Accordingly, many studies have 

demonstrated significant decline in A for plants growing under low light levels.  

Campbell et al. (1990) found that leaves of soybean (Glycine max L.) grown in full sun 

were capable of higher photosynthesis and became light saturated at high light intensities 

than leaves grown in lower light intensities.  This reduction in photosynthesis was 

attributed to a decrease in leaf thickness (higher SLA) that led to lower chloroplast 

(Campbell et al., 1990; Paul and Foyer, 2001) on a leaf area basis for plants under shade.   

It is well established that foliar N and chlorophyll content are strongly correlated 

(Evans 1989).  As a result, strong positive correlations between foliar N and net 

photosynthesis have been observed in a number of species (Evans, 1989; Mitchell and 

Hinckley, 1993; Bond et al., 1999; Egli and Schmidt, 1999).  Many process models 

utilize foliar N as a scalar for integrating photosynthetic processes from leaves to 
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canopies (Leuning et al., 1995; Kull and Jarvis, 1995; Lai et al., 2002; Milroy and Bange, 

2003). The net photosynthetic rate of cotton in this study showed significant positive 

correlations with SLN (R2 = 0.44 and R2 = 0.39, for constant and ambient PAR, 

respectively). Although monoculture plants had lower SLA, they exhibited 20.9% higher 

SLN than those of the barrier and non-barrier plants resulting in greater photosynthetic 

rates. Despite higher SLA, lower SLN in the leaves of barrier and non-barrier plants 

resulted in lower photosynthetic rates (lower cluster in Figure 3-4) compared to the 

monoculture plants.  Although reductions in SLN were observed in both the barrier and 

non-barrier treatments compared to the monoculture, SLN was similar for the former 

treatments.  As a result, the variation in A among the barrier and non-barrier treatments 

could not be explained based on SLN alone.   

Difference in foliar N or SLN can result not only from competition for light, but 

also from competition for belowground resources (Mooney et al., 1981; Traw and 

Ackerly, 1995).  Since our study showed no gradient in SLN for cotton grown in barrier 

and non-barrier treatments (Figure 3-1), competition for N can be ruled out.  A 

companion study by Allen (2003) showed that competition for N was not a major factor 

affecting productivity of the barrier and non-barrier treatments in our system. This 

indicates that water was the major belowground limiting factor affecting photosynthetic 

rates of cotton in the non-barrier treatment. This was supported by the Amax and A-Ci 

curves generated for the study. Providing equal amounts of light and different levels of 

intercellular CO2 resulted in varying Amax of cotton among treatments (Figures 3-2 and 3-

3). Less soil moisture content resulted in lower Amax in the non-barrier plants.  Net 

photosynthesis diminished with increasing levels of irradiance. Diminished net 
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photosynthetic rate of shade leaves is often caused by photoinhibition and damage of 

photosynthetic apparatuses (Lambers et al., 1998).  Higher soil moisture in the barrier 

treatment (Wanvestraut et al., 2003) has resulted in greater Amax and higher light 

saturation point, which indicated that carboxylation rate limitation took place at higher 

light levels for the barrier and monoculture plants than for the non-barrier plants.  

Higher WUE in non-barrier plants indicated drier soil conditions, which implied 

less water available for absorption due to competition with pecan trees. Wanvestraut 

(2004) also noted 36% lower water uptake by cotton in non-barrier (0.56 kg plant-1 day-1) 

compared to barrier treatment (0.88 kg plant-1 day-1). Consistent with these findings, the 

non-barrier plants in our study also showed lower E than the barrier plants (Table 3-3) as 

indicated by having only 14.8% gravimetric moisture content compared with the barrier 

treatment (18.8%). Non-exclusion of cotton roots from pecan resulted in lower E and g in 

non-barrier plants (34.0% and 40.7%, respectively) than those of the barrier plants. 

Although the monoculture treatment had the lowest moisture content (10.4%), E of the 

monoculture plants was higher in response to high air temperature and high vapor 

pressure deficit (data not shown) at the time of measurement. Zhenmin et al. (1998) 

found that higher E is needed for cotton growing in harsher environments in order to 

provide evaporative cooling effects on the leaves to prevent cell cavitation. The 

observation of lower E of cotton in barrier and non-barrier plants is consistent with that 

of Zhao and Oosterhius (1998) who found lower E rate in cotton grown under shaded 

conditions due to the relatively cooler environment, which indicated lower heat stress.  

The non-barrier treatment that exhibited the lowest canopy photosynthesis had the 

lowest biomass and lint yield.  We observed significant relationships for biomass (R2 = 
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0.76) and lint (R2 = 0.68) with CNPI (Figures 3-5 and 3-6). Optimum lint yield in our 

study was attained at a CNPI of approximately 65 to 70 µmol CO2 m-2 s-1 (Figure 3-6).  

This indicated that any further increase in  A would not result in an increase in yield. 

Cotton in the barrier treatment had a CNPI of 52.7 µmol CO2 m-2 s-1, which was slightly 

lower than the optimum CNPI necessary for maximum yield.  CNPI of cotton in the 

monoculture treatment was within the optimum range.  This explains the yield 

differences between the two treatments.  Our result was in agreement with other studies 

of cotton in Australia (e.g., Milroy and Bange, 2003) and in the southern USA (Muchow 

and Sinclair, 1993) showing increased production with increase in net photosynthesis, but 

only up to a certain threshold.  

Conclusions 

Results of the study showed that morphological differences in cotton leaves 

resulted in varying photosynthetic rates of cotton among treatments with consequences 

on biomass and lint yield of cotton. The barrier plants, where belowground competition 

for water was eliminated, not only increased their photosynthetic rates compared to non-

barrier plants, but also exhibited photosynthetic rates comparable to the monoculture. 

Competition for water, coupled with shading in the non-barrier treatment, has lowered 

biomass and lint yield of the non-barrier plants. Since foliar nitrogen (SLN) was similar 

between the barrier and non-barrier plants, it is reasonable to assume that the 

performance of cotton in our alleycropping system was influenced mainly by the 

availability of water and light.  Maximum lint yield in our study was obtained at a CNPI 

of approximately 65 to 70 µmol CO2 m-2 s-1.  This study demonstrates that interspecific 

competition between trees and crops can regulate leaf traits such as SLA and SLN of the 

associated crop species, which in turn influence CNPI and yield in alleycropping systems. 
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Table 3-1. Specific leaf area (SLA) of cotton in non-barrier, barrier, and monoculture 
treatments. 

             
Specific Leaf Area (SLA)   

       
 Treatment  
       

Row  Non-Barrier  Barrier  Monoculture  
             
       

1 267.2 a1  270.6 b    
 (8.4)2  (8.1)    
     

4 277.8a  303.4a    
 (9.0)  (10.6)    
     

8 269.4a  314.1a    
 (10.4)  (13.6)    
       
       
Overall Mean3 271.5 B  296.6 A  184.6C  
 (5.8)  (6.4)  (10.6)  
             

1 Within-treatment values followed by the same lowercase letter are not significantly different at 
the 0.05 level of probability. Computed P values for non-barrier and barrier were 0.597 and 
0.0038 
2 Standard error of the mean are given in parenthesis 
3 Within-treatment values followed by the same lowercase letter are not significantly different at 
the 0.05 level of significance. (P<0.0001) 
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Table 3-2. Canopy net photosynthetic index of cotton measured under ambient condition 
(PAR and CO2) in a pecan-cotton alleycropping system. 

              
 Canopy Net Photosynthetic Index (CNPI) (µmol CO2 m-2 s-1) 
        
Treatment Row 1  Row 4  Row 8   
       Overall
  Mean  Mean  Mean   Mean1

     
Non-Barrier 17.43 a3  18.10a  19.44a  18.32C
 (0.50)2 (0.70) (1.80)  (0.70)
        
Barrier 23.79b  65.67a  68.61a  52.69B
 (1.80) (2.20) (2.30)  (2.10)
        
Monoculture       70.72A
            (1.90)

1 The uppercase letters are for treatment comparisons. Mean followed by the same capital letters 
are not significantly different at 0.05 level of significance (P<0.0001) 
2 Standard error of the mean are given in parenthesis 
3 The lowercase letters are for within-treatment comparison among rows. Within-treatment values 
across the rows followed by the same lowercase letter are not significantly different at the 0.05 
level of significance. (P<0.0001) 
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Table 3-3. Leaf level transpiration (E) and stomatal conductance (g) of cotton measured 

under ambient condition (PAR and CO2 concentration) in a pecan-cotton 
alleycropping system. 

                         
 Leaf Level Transpiration (E)  Leaf Level Stomatal Conductance (g) 
 (mmol m-2 s-1)  (mmol m-2 s-1) 
              

Treatment Row 1  Row 4  Row 8   
Row 

1  
Row 

 4  
Row 

8  
              
 Mean  Mean Mean Overall  Mean  Mean  Mean Overall
           Mean1           Mean1

            
Non-Barrier 4.73a3  5.03a 5.09a 4.95C  0.31a  0.33a  0.30a 0.31C
 (0.19)2  (0.21) (0.20) (0.34)  (0.04)  (0.04)  (0.01) (0.01)
              
Barrier 6.54b  7.7a 8.13a 7.48B  0.43b  0.54ab  0.57a 0.52B
 (0.31)  (0.30) (0.34) (1.13)  (0.03) (0.03)  (0.02) (0.02)
              
Monoculture      12.65A       1.12A
           (1.28)           (0.07)

1 The uppercase letters are for treatment comparisons. Means followed by the same capital letters 
are not significantly different at the 0.05 level of significance. 
2 Standard error of the mean in parenthesis 
3 The lowercase letters are within-treatment comparison among rows. Within-treatment values 
across the rows followed by the same lowercase letter are not significantly different at the 0.05 
level of significance. 
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Figure 3-1. Specific leaf nitrogen (SLN) content of cotton in non-barrier, barrier and 

monoculture treatments. 
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Figure 3-2. Light response curve of cotton in non-barrier, barrier and monoculture in a 

pecan-cotton alleycropping system. 
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Figure 3-3. Intercellular CO2 (A-Ci) curve of cotton in non-barrier, barrier and 

monoculture in a pecan-cotton alleycropping system. 
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Figure 3-4. Relationship between specific leaf nitrogen (SLN) and leaf level net 

photosynthesis of cotton in non-barrier, barrier and monoculture treatments. 
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Figure 3-5. Relationship between canopy net photosynthetic index aboveground biomass 
production of cotton in non-barrier, barrier and monoculture treatments. 
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Figure 3-6. Relationship between canopy net photosynthetic index and lint yield 
production of cotton in non-barrier, barrier and monoculture treatments. 
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CHAPTER 4 
MORPHOLOGICAL PLASTICITY OF COTTON ROOTS IN RESPONSE TO 
INTERSPECIFIC COMPETITION WITH PECAN IN AN ALLEYCROPPING 

SYSTEM IN THE SOUTHERN UNITED STATES 

Introduction 

Minimizing resource competition between trees and crops, while maximizing the 

use of available resources, is central to improving yield and overall productivity in 

alleycropping and similar agroforestry systems (Ong and Black, 1995; Cannell et al., 

1996).  The realization that productivity of many agroforestry systems is limited by 

belowground competition for resources (Singh et al., 1989; Ong et al., 1991; Govindjaran 

et al., 1996, Scroth, 1999; Jose et al., 2000a, 2000b, 2001) has made root research an 

integral part of agroforestry experiments in recent years. As the physical, chemical and 

biological interface for resource uptake, root systems of the component species and their 

associated rhizosphere play major roles in belowground resource competition. Therefore, 

knowledge on spatial distribution and density of tree-crop root systems is necessary to 

gauge the degree of competitive or complementary resource sharing among system 

components (Gregory, 1994, 1996; Van Noordwijk et al., 1995).  The degree to which 

interspecific competition influences root development and morphology is of great interest 

in this context. 

Previous studies have shown that interspecific competition has been shown to 

reduce root length density.  For example, Livesley et al. (2000) observed that greater 

proximity to a tree row reduced maize root length and therefore reduced its ability to 

compete for resources. Induced spatial separation of tree and crop root systems has also 
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been reported in the tropics. In alleycropping research in arid northern Kenya, Lehmann 

et al. (1998) reported that sorghum (Sorghum bicolor L.) developed more roots in the 

topsoil because of competition with Acacia saligna compared to that of sorghum grown 

in a monoculture stand. Similarly, Jose et al. (2001) found higher concentration of maize 

roots in the upper layer of soil in response to competition for resources with red oak 

(Quercus rubra L.) in a temperate alleycropping system in the United States. In all these 

studies, it was concluded that concentration of roots in the upper soil layer caused severe 

belowground competition for resources, which, in turn, resulted in decreased crop 

productivity. 

It is well known that environmental factors such temperature (McMichael et al., 

1996; Reddy et al., 1997a), soil strength (Bingham and Bengough, 2003), soil water 

content (McMichael et. al., 1996) and soil nutrient availability (Robinson, 1994)) affect 

root growth and development. Taylor and Klepper (1974) and Keino (1998) reported that 

cotton planted under drought condition in Arkansas, United States, increased its root 

growth with increasing drought stress. The depletion of water in the upper layer of soil 

caused proliferation of roots deeper in the soil profile.  Increased root growth during 

water deficit has been associated with decreased partitioning of carbohydrates into leaves 

(Kasperbauer and Busscher, 1991).  However, preferential carbohydrate allocation to 

roots will be limited when light also becomes a limiting factor along with water (Smith 

and Huston, 1989; Jose et al., 2002; Sack and Grubb, 2002). 

Plant root systems have the inherent capability to adjust to prevailing 

environmental conditions through their morphological and physiological plasticity. 

Studies on morphological response of roots to localized patches of mineral nutrition has 
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shown that lateral roots tend to proliferate in zones of local nutrient enrichment and the 

proliferation can involve an increase in root number (enhanced initiation), an increase in 

root mass, or both (Robinson, 1994; Bingham et al., 1997; Zhang and Forde, 1998). In 

agroforestry systems, the restrictions of lateral root development and formation of 

vertically stratified root systems in the contact zone of competing root systems maybe 

seen as a morphological mechanism by which plants avoid excessive intra and 

interspecific competition (Schroth, 1999). 

Considering the growing interest in cotton as an alleycropping crop in the southern 

United States and the limited information on its root development and plasticity, 

specifically in response to both above and belowground competition, our study was 

conducted with the following questions: 

 How does interspecific competition alter root:shoot ratio in cotton? 

 How will root length density respond to resource competition? 

 Will specific root length change in response to competition? 

 
We hypothesized that (1) root:shoot ratio would decrease with competition for light 

and belowground resources; (2) root length density would be adversely affected by 

belowground competition for resources; and (3) specific root length would decrease in 

response to both above and belowground competition. 

Materials and Methods 

Study Site 

The study was conducted at the West Florida Research and Education Center 

(WFREC) farm of the University of Florida located in Jay, Florida, U.S.A. (30°47 N, 

87°13 W). Climate is considered temperate with moderate winters and hot humid 
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summers. The soil is classified as a Red Bay sandy loam (fine-loamy, siliceous, thermic 

Rhodic Paleudult) with an average water table depth of 1.8 m. Average monthly rainfall 

during the study period was 23.2 cm.  

For the current study, a pecan-cotton alleycropping system was initiated in 2001 

from an existing orchard of pecan trees planted in 1954. The orchard, arranged in a 5 x 20 

grid pattern with trees spaced 18.3 m apart, had remained under non-intensive clover 

(Trifolium spp.) and rye grass (Lolium spp.) production for 29 years prior to the initiation 

of the current study. For this study, 12 plots were demarcated within the orchard and 

arranged into six blocks using a randomized complete block design. Each plot, which 

consisted of two rows of trees oriented in a north-south direction, was 27.4 m long and 

18.3 m wide, with a practical cultivable width of 16.2 m and was separated from adjacent 

plots by a buffer zone of the same dimensions.  

Treatments and Sample Collection 

  For our study, five blocks were set up in the orchard. Each block was randomly 

divided into barrier and non-barrier plots. Barrier plots were subjected to a root pruning 

treatment in March 2001 in which a trenching machine was used to dig a 0.2 m wide and 

1.2 m deep trench along both sides of the plot at a distance of 1.5 m from the tree line to 

separate root systems of pecan and cotton. Trenches were lined with 0.15 mm-thick 

polyethylene sheets prior to mechanical backfilling. The barrier plots served as the tree-

root exclusion treatment (referred to as barrier treatment or barrier plants) preventing 

interaction of tree and cotton roots, while the non-barrier (referred to as non-barrier 

treatment or non-barrier plants) served as the tree-root competition treatment. Sixteen 

rows of cotton, one meter apart, were established in each plot. Cotton (DP458/RRvariety) 

seeds were planted in each row in a north-south orientation on May 26, 2001, May 13, 
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2002, and May 20, 2003 using conventional tillage (15-20 cm deep) at a rate of 23,600 

seeds per hectare in the alley between the pecan tree rows.  

Three plots in an adjacent field were also maintained as cotton monoculture 

(referred to as monoculture treatment or monoculture plants). All treatments received 

standard fertilizer and pesticide application common in the southern United States. No 

irrigation was applied. 

To evaluate root morphological differences, six cotton plants in each of rows 1, 4 

and 8 (18 plants per treatment) were randomly selected and harvested each month (from 

June to October) in 2002 and 2003 growing seasons. Cotton plants were carefully dug up 

to ensure that the whole root system was properly collected. During plant harvesting, 

water was supplied surrounding the plant to loosen the soil to ensure minimal destruction 

and loss of fine roots. After harvesting, cotton roots and shoots were separated. Roots 

were washed immediately and placed in polyethylene bags. Prior to oven drying of cotton 

shoot for 72 hours at 70oC, six fully expanded leaves were collected to determine leaf 

area using leaf area meter (LICOR 1300, Lincoln, Nebraska). 

Root length density (RLD, cm cm-3) of cotton was determined during the middle 

(August) of the growing season for which soil coring was employed to sample roots in a 

given volume. Three cores (30 cm (length) x 5 cm (diameter)) per plot in each treatment 

were taken in 2001, 2002 and 2003 growing seasons. Coring was done to a depth of 90 

cm and at 30 cm intervals. Cores were taken in rows 1, 4 and 8. Soil cores were washed 

using a fine sieve in a gentle flow of water. Roots were stored in sealed plastic bags at 

4.4oC. Cotton roots treated in this manner remained firm and fresh (Samson and Sinclair, 

1994).  
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RLD was measured using the line intercept method developed by Newman (1966) 

and as modified by Tennant (1975). Root samples were distributed evenly over a 31 x 46 

cm silkscreen cloth. The cloth was placed over a grid of lines 0.5 cm apart, and the 

number of intersections that roots made with the grid lines was counted. RLD was 

calculated from the number of intersections of the grid and volume of the original soil 

cores. 

Roots were also analyzed for morphological parameters using WinRHIZOTM 

(Régent Instruments Inc., Quebec, Canada) image analysis system. Individual root 

samples were spread out on a clear tray (30 cm x 48 cm glass frame) that was filled with 

water and placed on a flatbed scanner. Analysis of the scanned images provided size-

class distributions and quantification of parameters including root length, surface area 

and average diameter. Scanned roots were then oven-dried for 72 hours at 70oC for root 

biomass assessment. 

Data Analysis 

Analysis of variance (ANOVA), within the framework of a randomized split block 

design, was used for analysis (SAS Institute, Cary, NC). In each analysis, main effects 

and interactions were tested for significance using the appropriate error terms. If 

significant treatment effects were revealed at α = 0.05, then Least Square Means 

procedure was used for mean separation. Regression analysis was used to define 

relationships between root length and leaf area as well as root dry weight and root length.  

Results 

Biomass and Root: Shoot Ratio 

Whole plant biomass showed variation among treatments. Across growing seasons, 

the non-barrier plants exhibited 47% and 57% reduction in whole plant biomass 
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compared to the barrier and monoculture plants (Table 4-1; Figure 4-1). Whole plant 

biomass for the latter treatments was statistically similar in 2002, but higher production 

was noted for monoculture in 2003.  

Root:shoot ratio was significantly lower in the barrier plants (0.16) compared to 

monoculture plants (0.18), but was higher compared to plants in the non-barrier treatment 

(0.12) (P=0.0031) in 2002 (Table 4-1; Figure 4-1).  A similar trend was also observed in 

2003.  

Total Root Length  

Total root length of cotton plant in the non-barrier treatment (359 cm) was 

significantly lower compared to that of plants in the barrier (477 cm) and monoculture 

treatments (539 cm) (Table 4-2).  Absence of belowground competition in the barrier 

treatment did not, however, result in any significant increase in total root length 

compared to that of plants in the monoculture treatment.  

Length of fine roots (< 2.0 mm diameter) also differed significantly among 

treatments (P = 0.0238), with non-barrier plants (336.60 cm) having 23% and 26% lower 

length in fine roots than that of the barrier (437.64 cm) and monoculture (457.82 cm) 

treatments, respectively (Table 4-2). Results also showed no variation between the latter 

treatments in length of fine roots. Although the barrier and monoculture plants had higher 

total root length, the ratio of fine and coarse (>2.0 mm) roots (on a plant basis) was 

higher in non-barrier plants. Ninety five percent of the root system in the non-barrier 

plants was composed of fine roots compared to only 85% and 90% in the monoculture 

and barrier treatments, respectively (Table 4-2).  

First (> 4.0 mm diameter) and second order (> 2.0 to < 4.0 diameter) categories of 

roots also differed among treatments (P<0.0001) (Table 4-2). The monoculture plants 
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exhibited highest root length for both categories and the non-barrier plants had the 

lowest. The barrier plants developed 47% more coarse roots than the non-barrier plants, 

but the barrier plants was 48% lower in coarse roots composition than that of the 

monoculture plants. 

Root Length Density 

The RLD profiles of cotton at physiological maturity are presented in Figure 4-2 

and Tables 4-3 and 4-4. RLD significantly varied among treatments with non-barrier 

plants having the lowest RLD across soil depth in each year of the study except in 2001 

where it was statistically similar to monoculture (Table 4-2). The barrier plants showed 

consistently higher RLD in every growing season. In all treatments, roots were 

concentrated in the upper 30 cm of soil (Figure 4-2; Table 4-4). RLD declined rapidly 

with depth with the exception in the non-barrier treatment in 2002 where RLD was higher 

in 30-60 cm than in 0-30 cm soil depth. Apparently, RLD was reduced to as low as 0.11, 

0.21 and 0.29 cm cm-3 for the non-barrier, monoculture and barrier plants, respectively, in 

the 60-90 cm depth (Table 4-4). Root distribution analysis also showed that in 2003, 59% 

of roots of the non-barrier plants were found in the upper 30 cm. However, only 52% and 

50% were found in the same soil depth for the barrier and monoculture plants (Table 4-

5). A similar trend was also observed in 2001 growing season. This trend, however, was 

reversed in 2002.  

Consistent with total root length, the non-barrier plants had the lowest root surface 

area (146 cm2) representing 28% and 55% reduction over barrier (204 cm2) and 

monoculture (327 cm2) plants, respectively.  
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Specific Root Length 

Specific root length (SRL, the ratio of root length and the amount of biomass 

produced) also showed significant difference among treatments (P=0.0254). Cotton in 

non-barrier treatment had the lowest SRL (146.06 cm g-1) while cotton in monoculture 

treatment had the highest (179 cm g-1) representing an 18% increase over the former 

treatment. SRL of cotton in the barrier treatment was 165 cm g-1.  

Discussion 

Below and Aboveground Carbon Allocation 

Interspecific competition for resources (i.e., water greatly affected partitioning of 

carbon between shoot and root systems of cotton in our study. The non-barrier plants, 

which experienced both above- and belowground resource competition, were shown to 

exhibit consistently lower whole plant biomass production compared to that of 

monoculture and barrier treatments in each growing season. Cotton in the non-barrier and 

barrier treatments had a significantly lower root:shoot ratio compared to that of the 

monoculture plants both in 2002 and 2003. This implies that more carbon was allocated 

in the aboveground plant components than in the roots in the shaded treatments. 

Root:shoot ratio, which tends to respond to environmental growth conditions, is an 

indicator of plant growth performance in a stressed environment (Van Noordwijk et al., 

1994). Plants grown in a low-light environment tend to have higher SLA than those under 

exposure to direct irradiance, resulting in greater partitioning of carbon to shoots 

(Lambers et al., 1998; Jose et al., 2002; Sack and Grubb, 2002). This plasticity has been 

the basis for the trade-off hypothesis which predicts that competition for aboveground 

resources has a stronger impact on individuals of a species grown in deep shade than 

those in higher light levels (Smith and Huston, 1989; Jose et al., 2002; Sack and Grubb, 
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2002). This trade-off arises when plants have a higher SLA and leaf area ratio (leaf area 

per total dry mass) for efficient light capture at the expense of their root allocation, 

resulting in greater sensitivity to drought. This was observed in cotton plants grown in 

non-barrier treatment, which produced relatively smaller amounts of root biomass than 

aboveground biomass. The trade-off hypothesis has important implications for overall 

production of the agronomic crop in agroforestry systems.  

Root Morphological Plasticity 

The acquisition of belowground resources is based on the architecture and 

morphology of the plant root systems, which can exhibit variations resulting from 

adjustments to the prevailing environmental conditions (Lynch, 1995; Rosolem et al., 

1999; Bingham and Bengough, 2003). Both total root length and RLD of cotton varied in 

response to interspecific competition with pecan for above- and belowground resources. 

Competition for water (Wanvestraut et al., 2004) and aboveground resources (Chapters 2 

and 3) significantly reduced the growth of cotton roots in the non-barrier treatment 

compared to the barrier and monoculture treatments in our system. Monoculture and 

barrier plants had higher total length of fine roots compared to the non-barrier plants 

(Table 4-2). However, the average composition of fine roots in these treatments on a 

whole plant basis was lower than that of the non-barrier plants. Root of the non-barrier 

plants were composed of 95% fine roots, compared to that of the barrier (90%) and 

monoculture (85%) treatments.  

Competition for water between pecan and cotton in non-barrier treatment 

significantly affected root system development in the non-barrier plants, resulting in a 

significant reduction in total root length. In addition, more than 50% of the roots in non-

barrier plants were concentrated in the upper 0-30 cm layer of soil (Table 4-5), which 
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implies intensity of competition. Wetter soil in barrier treatment provided a greater 

advantage for the barrier plants to grow rapidly, resulting in expansion of their root 

systems. A similar trend was observed for monoculture, but the plasticity in roots was in 

response to greater allocation of carbon to roots due to soil moisture deficit (Kasperbauer 

and Busscher, 1991; Baker and Acock, 1986).  

Throughout the 2003 growing season, there was an increasing trend in root length 

of cotton in barrier and monoculture treatments (Figure 4-3). A similar trend was also 

observed for cotton in non-barrier treatment. However, competition for water inhibited 

cotton root growth at the same rate of expansion as with the barrier plants. Wetter soil in 

the barrier treatment did not provide temporal variations (plateau trend) in root length of 

barrier plants during the sample collection season. This implies that no or minimal root 

growth was taking place compared to that of the monoculture and non-barrier treatments.  

Root Length Density  

Variations in root length among treatments resulted in differences in RLD, with 

non-barrier plants exhibiting the lowest RLD. Although cotton in monoculture and barrier 

treatments developed greater root length (and were statistically similar to each other), the 

monoculture treatment still consisted of lower RLD than the barrier. Greater root length 

in monoculture treatment did not provide compensatory adjustment to increase RLD. 

Roots of cotton in monoculture treatment were sporadically distributed, occupying a 

greater volume of soil that resulted in lower RLD (Tables 4-3 and 4-4). Lesser 

development of cotton roots in non-barrier treatment, on the other hand, may have 

inhibited the uptake of water and nutrients, thus affecting the demand for resources to 

satisfy growth (Gregory, 1996). McMichael and Quisenberry (1993) and Bowen (1985) 

observed that the ability of a plant to compete for soil nutrient and water resources from 
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the same soil volume is proportional to its density of fine roots. Similarly, Livesley et al. 

(2000) noted a lower root biomass production, but a greater fine root system, on a plant 

basis, of maize planted with Senna (Senna spectabilis DC). Accordingly, this root 

morphological change in their study facilitated better resource uptake by maize in 

response to greater competition for soil resources (Livesley et al., 2000). However, 

lowered RLD and surface area in our study may have positively affected cotton in non-

barrier treatment to absorb belowground resources for growth in spite that 95% of its root 

system was composed of fine roots.  

A slight but statistically significant increase in root density at 30-60 cm soil depth 

in 2002 than that of the 0-30 layer of soil indicates that non-barrier plants were 

experiencing belowground limitation for water. When competition is inevitable, plants 

promote greater root development in the deeper layers of soil to capture greater amounts 

of water and nutrients (Kasperbauer and Busscher, 1991; Van Noordwijk and 

Purnomosidhi, 1995). The increase in RLD in 30-60 cm layer of soil in barrier treatment 

implies water stress in the upper layer of soil. Klepper et al. (1973) observed that 

depletion of water in the upper layers of the soil profile caused proliferation of cotton 

roots into lower soil depth regardless of cultivar differences. Plaut et al. (1996) also 

observed that changes in soil water content resulted in changes in rooting patterns and 

root activity of cotton grown under different water application regimes, with 

consequences for production. Teklehaimanot and Ouedraogo (2004) noted that RLD of 

sorghum planted with néré (Parkia biglobosa Benth) was reduced due to drier soil 

conditions caused by competition for water between these two species.  
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The RLD of cotton (Table 4-3, Figure 4-2) fell within the range reported by other 

authors. Plaut et al. (1996) computed RLD of cotton planted under different irrigation 

regimes that ranged from 0.1 to 1.1 cm cm-3. McMichael et al. (1996) also noted 

differences in RLD of cotton grown in irrigated and rainfed conditions. RLD of cotton in 

irrigated field reached up to 1.8 cm cm-3 while only 1.4 cm cm-3 was observed under 

rainfed conditions (McMichael et al., 1996). Further, Scroth and Zech (1995) reported 

3.48 cm cm-3 RLD of maize at 0-10 cm soil depth grown 1 m away from Gliricidia 

sepium. However, 33% reduction in RLD was noted for maize grown 2.5 m away from 

G. sepium (Scroth and Zech, 1995). The pattern of spatial (distance) variations of RLD of 

maize is consistent with cotton in this study (data not presented). Cotton grown near 

pecan trees in both barrier and non-barrier treatments had higher RLD than those of 

plants grown at further distances from pecan. 

Specific Root Length 

Root length: weight ratio is a plant parameter that shows the relationship between 

root penetration intensity and belowground biomass allocation. Generally, the 

relationship between these two variables is curvilinear as indicated in Figure 4-4 (R2 = 

0.33, R2 = 0.38, and R2 = 0.24, respectively for barrier, monoculture and non-barrier 

treatments), where all treatments followed a similar trend, but of different magnitude. 

The non-barrier plants did produce significantly lower root length compared to that of the 

barrier and monoculture plants using the same amount of biomass (Figure 4-4). Results 

indicated a two-fold increase in root length of monoculture plants over the non-barrier 

plants for the same amount of carbon allocation in the roots. A similar trend was also 

observed in root weight-length ratio between barrier and non-barrier plants. Observed 

variation in specific root length among treatments indicates that cotton in each treatment 



64 

 

responded differently based on their growth environment. Monoculture plants had a 

greater advantage to allocate carbon in the root system, resulting in higher specific root 

length, since light was not a limiting factor for their growth. Higher carbon allocation to 

leaves in the barrier and non-barrier treatments (Chapter 2) resulted in lower specific root 

length in these treatments. Generally, the presence of both above- and belowground 

competitions in non-barrier treatment prevented cotton plants to develop and expand 

roots at similar pace with barrier and monoculture treatments. 

Although the proliferation of root systems can be affected by water and nutrient 

availability (Livesley et al., 2000), it is difficult to separate the effects of allelopathy from 

those of resource competition. Wanvestraut et al. (2004) stated that allelopathy cannot be 

ruled out as a factor in the poor development of cotton in non-barrier plants because 

pecan does produce juglone (Dana and Lerner, 2001), an allelochemical known to have 

an influence on a variety of tree and agronomic crops. Livesley et al. (2000) stated that 

the allelopathic effects of Grevillea might have caused the lower root length of maize 

grown in competition with Grevillea. 

Implications 

Knowing morphological characteristics of the system components is essential in 

predicting plant performance in agroforestry systems. Previous studies on modeling crop 

processes in agroforestry systems have relied on root data of plants grown in monoculture 

conditions. Accurate mechanistic modeling in agroforestry systems can only be possible 

when a spatial, quantitative and temporal understanding of tree crop processes and 

interactions has been achieved, an important element of which is the understanding of the 

spatial distribution and dynamics of root systems. Our study has clearly shown that crop 

root morphology can vary significantly when grown in association with trees.  This 
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information is critical in developing and refining comprehensive tree-crop interaction 

models in agroforestry systems. 
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Table 4-1. Growth parameters of cotton grown in non-barrier, barrier and monoculture treatments in 2002 and 2003 growing seasons. 
  2002  2003 
        
 Treatment  Treatment 
        
  Non-Barrier Barrier Monoculture  Non-Barrier Barrier Monoculture
        
        
Whole Plant DW (g plant-1) 29.78b1 54.04a 57.33a  25.13c 49.56b 72.60a
 (2.67)2 (3.76) (3.71)  (1.88) (3.85) (5.71)
     
Root DW (g plant-1) 3.53c 7.60b 8.70a  2.83c 5.68b 12.19a
 (0.43) (0.23) (0.69)  (0.21) (0.41) (0.96)
     
Shoot DW (g plant-1) 26.25b 46.44a 48.63a  22.29c 43.88b 60.40a
 (1.81) (2.54) (3.07)  (1.71) (3.56) (4.95)
     
Root: Shoot ratio 0.12c 0.16b 0.19a  0.13c 0.16b 0.21a
 (0.02) (0.01) (0.01)  (0.01) (0.01) (0.01)
               
1 In a given row for every growing season, means followed by a different letters are significantly different at P < 0.05 
2 Standard error of the mean is given in parenthesis 
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Table 4-2. Total root length of cotton in non-barrier, barrier and monoculture treatments 
at physiological maturity. 

  Treatment 
      

Diameter Class (mm) Non-Barrier  Barrier  Monoculture
      

< 2.0  337.60b1 437.64a  457.82a
 (18.90)2 (17.26)  (27.60)
   

 > 2.0 - < 4.0 12.20b 24.85b  55.78a
 (0.96) (2.10)  (5.48)
   

> 4.0 10.10c 14.37b  24.98a
 (0.49) (0.76)  (1.90)
   
Total Length (cm) 358.90b 476.86a  538.59a
 (19.73) (19.30)  (31.84)
            
 
1 In a given row, means followed by different letters are significantly different at P < 0.05 
2 Standard error of the mean is given in parenthesis 
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Table 4-3. Root length density (RLD, cm cm-3) of cotton in barrier, non-barrier and 
monoculture treatments across soil depth. 

  Growing Season 
      
Treatment 2001  2002  2003
            
      
Non-Barrier 0.29b1 0.20c  0.23c
 (0.04)2 (0.02)  (0.02)
   
Barrier 0.53a 0.42a  0.45a
 (0.05) (0.04)  (0.08)
   
Monoculture 0.27b 0.25b  0.29b
 (0.05) (0.03)  (0.02)
            

1 In a given row, means followed by different letters are significantly different at P < 0.05 
2 Standard error of the mean is given in parenthesis 
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Table 4-4. Root length density of cotton under different soil depths. 
                       
 Root Length Density (cm cm-3) 
            
 2001  2002  2003 
            
 Soil Depth (cm)  Soil Depth (cm)  Soil Depth (cm) 
            
Treatment 0 - 30   30 - 60  60 - 90   0 - 30  30 - 60  60 - 90   0 - 30  30 - 60 60 - 90  
                       
            
Non-Barrier 0.42a1 0.24b 0.19b 0.21a 0.23a 0.17ab  0.41a 0.18b 0.11b
 (0.10)2 (0.04) (0.03) (0.04) (0.04) (0.03)  (0.05) (0.04) (0.03)
   
Barrier 0.77a 0.5b 0.33b 0.5a 0.4b 0.34a  0.71a 0.36b 0.29b
 (0.10) (0.06) (0.04) (0.05) (0.04) (0.04)  (0.14) (0.13) (0.09)
   
Monoculture 0.35a 0.24a 0.23a 0.37a 0.2b 0.18b  0.22b 0.43a 0.21b
 (0.08) (0.04) (0.05) (0.06) (0.03) (0.04)  (0.10) (0.05) (0.08)
                       

1 In a given row for every growing season, means followed by different letters are significantly different at P < 0.05. 
2 Standard error of the mean is given in parenthesis 
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Table 4-5. Percent amount of root biomass in different layers of soil for the non-barrier, barrier and monoculture treatments. 
                       
 % amount of roots  
      
 2001  2002  2003 
            
 Soil depth (cm)  Soil depth (cm)  Soil depth (cm) 
            
Treatment 0 - 30   30 - 60  60 - 90 0 - 30  30 - 60 60 - 90   0 - 30  30 - 60 60 - 90 
                       
            
Non-Barrier 49 28 22  34 38 28  59 26 16
            
Barrier 48 31 21  40 32 27  52 26 21
            
Monoculture 43 29 28  49 27 24  26 50 24
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Figure 4-1. Root and shoot biomass production of cotton in 2002 and 2003 growing 

seasons.  
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Figure 4-2. Root length density of cotton in barrier, non-barrier and monoculture 
treatments. 
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Figure 4-3.  Temporal changes in root length of cotton in barrier, non-barrier and 
monoculture treatments during 2003 growing season. 
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Figure 4-4.  Relationship between root dry weight and root length of cotton in 2003 
growing season. 
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CHAPTER 5 
MODELING COTTON PRODUCTION IN A PECAN ALLEYCROPPING SYSTEM 

USING CROPGRO  

Introduction 

Assessment of crop performance and production in alleycropping and similar 

agroforestry systems through modeling is becoming an integral activity in agroforestry 

research. Modeling is a considerably useful tool in understanding the relationships among 

soil, plants, trees, and other components in agroforestry systems, particularly in studying 

the relationships between system components over time (Young, 1997). In recent years, 

several agroforestry models have been developed with their various foci of interest [e.g., 

WaNuLCAS (water, nutrient, light capture in agroforestry systems; van Noordwijk and 

Luciana, 1999, 2000), SCUAF (soil changes under agroforestry; Young and Muraya, 

1990), and HyPAR (Mobbs et al., 2003)]. The CROPGRO (Simulation of Crop Growth; 

Tsuji et al., 1994; Boote et al., 1997, 1998; Jones et al., 2003), model, which has been 

used predominantly in monoculture agricultural systems, can also be used to evaluate 

biophysical interactions in agroforestry systems, including interactions involving light 

(Jones et al., 2003). These models were developed, not only to understand the processes 

and interactions involving system components and their effects upon overall production, 

but also for their usefulness as decision support tools for identifying best management 

options for attaining optimal production. 

Because plant components in agroforestry systems draw from the same reserve 

pool of resources, competition for limited growth resources (i.e., water, nutrients and 
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light) between and among them is inevitable, making the systems more complex. Under 

potential production scenarios where water and nutrients are available for plant growth, 

the level of light transmittance to crop canopies determines production (Kropff, 1993, 

1994).  

Several studies in alleycropping and similar agroforestry systems have indicated 

that shading affects morphological development in plants, with consequences on 

photosynthesis and biomass production (Figure 5-1). Shading can also affect carbon 

allocation patterns in plants. It is in this context that farmers in temperate regions may be 

hesitant to adopt agroforestry practices, since they may assume that shading may 

adversely affect crop performance. While this may be true in some circumstances, there 

exists a need for better understanding the complexities of such systems with regard to 

optimizing light use. In this regard, application of a process-based model (e.g.., 

CROPGRO) can be useful for understanding the effects of light on production, which, in 

turn, can provide a basis for determining whether or not to promote adoption of an 

agroforestry system.  

CROPGRO, a member of the DSSAT (Decision Support System for 

Agrotechnology Transfer) model, is a dynamic simulation model that simulates growth 

and development of most common agronomic crops [e.g., soybean (Glycine max L.), 

peanut (Arachis hypogaea L.), cowpea (Vigna unguiculata L.)] grown under varying 

environmental conditions. CROPGRO is widely used in temperate and tropical regions 

because of its precision in simulating production when compared to actual field data, 

provided that the model is calibrated based on site-specific conditions. Bannyan et al. 

(2003) found close agreement between simulated and actual biomass of wheat (Triticum 
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sp.) grown in the United Kingdom, using DSSAT models. A similar observation was 

noted by Mavromatis et al. (2002) when they used CROPGRO to simulate biomass 

production of soybean grown in North Carolina, USA. 

The relationships of plant morphological parameters [(i.e., specific leaf area (SLA) 

and leaf area index (LAI)] with light levels have been well established in CROPGRO 

models (Figure 1). These variations in leaf morphological parameters due to differences 

in environmental growth conditions, as can be quantified by the model, influence 

production. Therefore, this study was conducted to simulate production of cotton 

(Gossypium sp.) under different light levels in a temperate alleycropping system using 

the CROPGRO-cotton model, where interspecific competition for water and nutrients 

was assumed to be non-existent. Accordingly, the following research questions were 

addressed: 

1. How will the CROPGRO-cotton model perform when used to predict leaf 
morphological changes as affected by shading in an alleycropping system? 

2. Can the CROPGRO-cotton model quantify the effects of shading on SLA, leaf size 
and LAI and their effects on biomass production? 

3. Can the CROPGRO-cotton model predict biomass production under varying light 
levels based on differences in leaf morphological parameters?  

 
Two hypotheses were therefore tested: 1) the CROPGRO-cotton model, when 

properly calibrated, can accurately predict production of cotton grown under different 

light regimes; and 2) variations in light transmittance will affect morphological 

development of cotton, with consequences on production that are quantifiable through 

model simulation.  
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Materials and Methods 

Field and Experiment Description 

The study was conducted at the West Florida Research and Education Center 

(WFREC) Farm of the University of Florida, located near Jay in northwestern Florida, 

USA (30°47 N, 87°13 W). The climate is temperate with moderate winters and hot, 

humid summers. The soil is classified as a Red Bay fine-loamy, sand soil (siliceous, 

thermic, Rhodic Paleudult) with some increase in clay content with depth.  

A mature pecan (Carya illinoensis K. Koch)-cotton (Gossypium sp.) alleycropping 

system was established in Spring 2001 from an existing orchard of 50-yr-old pecan trees 

that had been planted at a uniform spacing of 18.3 m x 18.3 m. For this study, 10 plots 

were demarcated within the orchard and arranged into 5 blocks using a randomized block 

design. Half of the plots were trenched to a depth of 120 cm and width of 20 cm, to 

prevent belowground interaction; hence these plots were referred to as “barrier plots” 

because of the exclusion of pecan roots through trenches covered with polyethylene 

plastic sheets. For the purposes of simulation modeling, only the barrier plots were 

considered in this study. In each plot or alley, 16 rows of cotton, one meter apart, were 

sown using conventional tillage in May 10, 2001 and May 16, 2002. Data were collected 

in rows 1, 4 and 8. Row 8, located at the center of the alley, was approximately 8 m 

distance from the base of the pecan trees, and hence received greater light transmittance 

due to less shading from the overhead tree canopy.  

It was assumed that the trenching used in the study eliminated belowground 

interaction/competition for water and nutrients between pecan and cotton (Wanvestraut et 

al., 2004; Allen, 2003). Thus, the major driving force in the production of cotton was 

assumed to be the level of light transmittance to cotton canopies, which was an 
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environmental input condition in the CROPGRO-cotton model. Four treatments were set 

up in the model, as follows: 1) Control (cotton grown in open field, with full amount of 

light transmittance); 2) Row 1 (cotton grown one meter from the base of the pecan trees, 

with only about 50% of light transmittance; 3) Row 4 (cotton grown four meters from the 

base of the pecan trees, with 55% light transmittance; and 4) Row 8 (cotton grown at the 

middle of alley, eight meters from the base of the pecan trees, with more exposure to 

direct sunlight, with approximately 70% light transmittance). 

The CROPGRO model in DSSAT 

The CROPGRO model, a component of the DSSAT software package, was 

developed by the International Benchmark Site Network for Agrotechnology Transfer 

(IBSNAT) project (Tsuji et al., 1994). CROPGRO is a process-oriented model within 

DSSAT for general applications; it is independent of location, season and management 

systems (Jones et al., 1998; Boote et al., 2003). CROPGRO simulates effects of weather, 

soil water, and nitrogen content in the soil and plant on crop growth and yield. The model 

is based on the simulation of carbon, water and nitrogen balances in the soil-plant 

systems. The simulation is dynamic, with stages of development, rate of growth and 

partitioning of biomass each affected by weather and soil environments. CROPGRO has 

been well tested to simulate growth and development over a wide range of species. 

Modeled species include soybean, peanut (Arachis hypogaea L.), cowpea (Vigna 

unguiculata L.), and chickpea (Cicer arietinum L.), among others (Boote et al., 1998). 

The CROPGRO-cotton model has only been developed recently. Parameter estimates of 

the CROPGRO-cotton model had only been tested in one experiment (Messina et al., 

2004) prior to this study.  
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The CROPGRO model allows the user to organize and manipulate data and to run 

the models in various ways and analyze their outputs (Hoogenboom et al., 1994; 

Thorthon et al., 1997). DSSAT version 4.0 was used in this study. See Appendices A and 

B for a sample of the model simulation outputs. 

CROPGRO Model Inputs 

Weather data inputs  

Weather data were obtained from the Florida Automated Weather Network 

(FAWN) database. The weather station was located at the study site. Input weather data 

included daily solar radiation (MJ m-2 day-1), maximum and minimum air temperature 

(oC), and rainfall (mm day-1). Four weather data files were created and each treatment 

used a specific weather data file. The weather data files varied according to the amount of 

light transmittance that each treatment had received as indicated earlier. Actual light 

transmittance was measured using a Ceptometer (Decagon AccuPAR) on a biweekly 

basis in the 2001 and 2002 growing seasons (Zamora, 2005; Chapter 2). Light 

transmittance (%) in each row was calculated and then multiplied by the daily solar 

radiation in each weather file for each treatment.  

Soil parameter inputs 

CROPGRO requires soil water inputs (lower, upper and saturated water holding 

limits), bulk density, total carbon in soil, pH, and nitrate (NO3-N) and ammonium (NH4-

N) nitrogen. Table 5-1 presents soil variables used in the simulation. Data on physical 

properties (sand, clay and organic carbon) of soil in our experiment were used to 

determine the lower limit of plant water availability (LL), and drained upper limit (DUL), 

which represent the water availability at field capacity, and water at field saturation 

(SAT), respectively, according to Ritchie (1998) and Ritchie et al., (1998). Other model 
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management and cultural inputs included planting date, planting density, row spacing, 

and planting depths.  

Model Execution 

Model parameterization 

Parameterization involves identifying parameters in the model that would fit best 

based on our study site conditions. The CROPGRO-cotton model includes various 

parameters that are stored in the CROPGRO40.SPE file, and users are not expected to 

change these parameters. However, for our study, some of the fixed parameters (Table 5-

2) were recalculated based on our data so that the effectiveness of the model in predicting 

production under a shaded environment could be evaluated. The defined values and 

relationships of the parameters listed in Table 5-2, which are shown in Table 5-3, were 

supplied in the CROPGRO40.SPE file.  

The CROPGRO-cotton model requires an upper and lower limit of SLA to account 

for the variations that occur over time based on plant physiological development. Further, 

the model includes a function of SLW and photosynthesis to produce observed effects of 

SLW on photosynthesis (Messina et al., 2004), as this parameter can affect daily canopy 

assimilation by plants. SLW decreases significantly when light become a limiting 

resource, thus resulting in thinner leaves and lower net assimilation per unit leaf area. 

Hence, modifying of XPGSLW and YPGSLW values in the model was necessary to 

account for this variation in plant physiological development under shaded conditions. 

Model calibration 

A number of cultivar-specific parameters (genetic coefficients) are used by the crop 

model to predict cotton daily growth and development in response to weather, soil 

characteristics, and management actions (Boote et al., 1998). Calibration was focused on 
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those cultivar parameters (Table 5-4) most likely to be affected under a shaded 

environment. The genetic coefficients required by the model for these cultivar parameters 

were estimated (from our data) as follows: 1) candidate coefficient-parameters were 

selected; 2) the values of the coefficient-parameters were changed by running 

CROPGRO in an optimization shell until the error sum of squares (simulated minus 

observed) was minimized; and 3) the set of coefficients that produced the lowest RMSE 

(root mean square error) and higher d-statistics value were adopted. Lower RMSE is 

desirable. Calibration was done by iteratively running the crop model within an 

appropriate value of the coefficient concerned that was observed or measured in our field 

study. Cultivar coefficient values were then changed until the simulated and measured 

values matched or were within predefined error limits through evaluation of the RMSE 

and d-statistics values. The calibration process is an iterative, trial-and-error process 

described by Hanson (2000) and Hanson et al. (1999). In this particular study, our 

calibration strategy was to put emphasis on correct simulation of SLA and LAI, as 

accurate simulation of these parameters should also result in accurate simulation of 

biomass.  

The model uses a reference maximum area of one leaf originally set at 150 cm2, of 

which the areas of leaves of cotton were within this value. However, leaf area of cotton 

can vary with node position at optimal conditions between 50 to 250 cm2 (Reddy et al., 

1991, 1992, 1993, 1997a, 1997b). The increase in SIZELF value (Table 5-4) was based 

on the much larger leaf size that cotton can attain in shaded conditions as was observed 

for cotton in our experiment; and SLAVAR was increased (Table 5-4) to accommodate 

for the relatively higher area-weight ratio of cotton leaves based on our experiment. 
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Calibration of these parameters for the control treatment continued until the predicted 

time series of SLA and LAI were in close agreement with the measured values. 

Results and Discussion 

Assessing Model Capability  

In a comparable study, the CROPGRO-cotton model performed very well in 

assessing growth performance and production of cotton grown in monoculture on a 

Macopa clay loam soil in New Mexico, as indicated by close agreement between 

simulated and measured values of the evaluated parameters (i.e., LAI, SLA and biomass, 

data not shown) (Messina et al., 2004). However, the model, it its present form and with 

its original parameters and genetic coefficient, failed to predict accurately the growth 

behavior of cotton grown under the shaded conditions or the monoculture treatment in 

our study. Higher discrepancies were noted on individual simulated values for SLA, and 

LAI, and when compared to their respective measured values. Results of simulations 

indicated little variation (almost indistinguishable separation) of predicted SLA (contrary 

to field results), plus, the predicted LAI in all treatments was significantly lower than the 

actual data.  

Accurate prediction of phenological development in plants is a vital process in crop 

models, as this determines model behavior based on actual field conditions. Apparently, 

some of the parameters of the model were not correct when the model was applied in 

shaded environments. SLA and LAI are directly influenced by and tend to respond 

dramatically to light, particularly if light becomes a limiting resource for growth. 
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Model Evaluation 

Evaluating SLA and LAI 

After model parameterization and calibration, there was significant improvement in 

the model’s behavior. Use of the new values of the parameters listed in Tables 5-3 and 5-

4, respectively, showed that the model performed very well in simulating SLA of cotton 

grown in each treatment (Figure 5-3). Variations in light transmittance that each 

treatment received based on weather inputs also resulted in differences in simulated SLA 

among treatments, with the model simulating higher SLA for cotton in Row 1. Consistent 

with actual field data, the model simulated lower SLA for the control treatment. In terms 

of assessment of simulated LAI, the model improved its prediction of LAI for the control 

treatment [(lower RMSE (0.44) and higher d-statistics (0.73) compared to the default 

model values (Table 5-5, Figure 5-3)], after calibration. Assessment of simulated LAI of 

cotton in the shaded treatment also showed similar results (Table 5-5). However, LAI of 

cotton in Rows 4 and 8 was still under-predicted (Figure 5-4).  

Assessment of predicted aboveground biomass 

Although LAI was still underestimated after model parameterization and 

calibration, results of simulation showed that the model was robust in simulating 

aboveground biomass production in each of the treatments (Figure 5-4) as shown in 2001. 

A similar result was observed in simulating biomass of cotton in each treatment in 2002. 

Analysis of RMSE and d-statistics in each of the treatments showed a close agreement of 

the measured and simulated values. Regression analysis also confirmed a close agreement 

between these parameters in both years, with R2 = 0.95, and R2 = 0.92, for 2001 and 

2002, respectively (Figure 5-5).  
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Across treatment in the shaded environment (Rows 1, 4 and 8), the model under-

predicted biomass by only less than 5% and 8% in 2001and 2002, respectively, when 

compared to the measured data (Table 5-10).  

Evaluating Relationships  

Effects of leaf size (SIZELF) on LAI 

Under shaded conditions, plants tend to increase their leaf size to capture greater 

amounts of light, with possible effects on LAI. However, increasing and or decreasing the 

size of leaves (SIZELF) of cotton in the model did not result in any changes in LAI in 

any of the shaded treatments (Table 5-6). It is thus apparent that the model does not have 

a defined relationship between SIZELF and LAI as shown in Figure 5-1, because the 

CROPGRO model is based on source-sink relationships (Messina et al., 2004). During 

the vegetative stage, leaf area expansion and photosynthesis can be sink-limited, thus 

making the model not to take into account the changes in SIZELF in predicting LAI. 

Other studies have shown that, in cotton, sink limitation occurs until the plant reaches 

about seven nodes and with leaf area of 320 cm2, after which the growth is totally source 

driven (Reddy et al., 1991, 1992, 1993 1997a, 1997b). This value (320 cm2) was used as 

a parameter input in the model. 

Effects of SLA on LAI and biomass prediction 

SLA, which is generally influenced by shading, affects LAI. SLA and LAI were 

known to have relationships in the CROPGRO model (Figure 5-1). Results of simulation 

indicated that LAI prediction appeared to be sensitive to changes in SLA (Table 5-7), 

which, in turn, influenced biomass prediction for the shaded treatments (Table 5-7). For 

instance, a 10% increase in SLA provided a better estimate for LAI in shaded treatments 

compared to that of the model’s original cultivar value of SLA (Table 5-7).  
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Although predicted LAI increased with increasing SLA, such an increase in SLA 

lowered the predicted biomass of cotton in the shaded treatments (Table 5-7). For 

instance, increasing SLA of cotton in Row 8 resulted in lower predicted biomass and 

higher RMSE and lower d-statistics values (Table 5-7). Decreasing SLA, on the other 

hand, did improve biomass prediction. The associated RMSE and d-statistics were at least 

close to the values generated using the original model coefficients. Similar observations 

were also noted for Row 1 and 4 treatments. Plants receiving more light generally have 

smaller but thicker leaves, resulting in lower SLA and greater photosynthetic apparatuses, 

and hence higher photosynthesis rates. This mechanism, which was assumed to be 

present for cotton in row 8, for instance, explains greater biomass prediction in row 8 

when SLA was reduced compared to that of cotton in rows 1 and 4. 

Effects of partitioning on LAI and biomass prediction 

As indicated earlier, plants grown under shaded environments tend to allocate more 

carbon to the aboveground component (i.e., leaves) at the expense of their root systems. 

This adaptive mechanism in plants, which was observed in our experiment (Chapters 3 

and 4), occurs in order to increase leaf area for greater light capture (Smith and Huston, 

1989; Sack and Grubb, 2002, Jose et al., 2002). Partitioning of assimilates among 

vegetative plant parts differs among crop species and also depends on the growth 

shortage of the crop itself (Boote et al., 1996). 

In the CROPGRO-cotton model, dry-matter partitioning is described as a fraction 

of assimilate allocated to leaves (YLEAF). Although the model does not have explicitly 

defined relationships between shading and partitioning, the simulations showed that, 

under shaded treatments, increased partitioning to leaves resulted in an increase in 

simulated LAI when compared to that of LAI predicted using cultivar model values. 
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Apparently, an additional 16% allocation (over the current model values) of carbon in the 

leaves throughout leaf developmental stages for cotton in row 1 improved LAI estimates 

in that treatment. On the other hand, a 20% increase in carbon allocation in rows 4 and 8 

was needed to provide close estimates of LAI with the measured values in these 

treatments (Figure 5-7). Simulated values for LAI were 3.03 and 3.07 for rows 4 and 8, 

respectively, while their measured values were 3.13 and 3.59 (Table 5-8, Figure 5-3).  

 Effects of LFMAX on biomass prediction 

When light becomes a limiting factor for growth, plants attempt to increase the 

efficiency with which they intercept light and convert it into biomass (Lambers et al., 

1998). Thus, plants grown in shaded environment had higher radiation or light use 

efficiency (RUE) than those plants grown under direct exposure to sun. This mechanism 

was observed in our experiment (Chapter 2) and cotton grown in the shaded treatments 

had higher RUE than that of cotton in the monoculture treatment. Although there is no 

relationship between shading and diffuse radiation in the CROPGRO-cotton model 

(Figure 5-1), results of simulations indicated that changing LFMAX values, a model 

parameter that is also influenced by diffuse radiation, resulted in changes in biomass 

prediction in shaded treatments. Increasing LFMAX from 1.1 to 1.3 indicated a 17%, 

15% and 13% increase in biomass predictions for cotton in rows 1, 4 and 8, respectively 

(Table 5-9). Decreasing LFMAX also resulted in a decrease in biomass prediction 

regardless of treatment conditions. Messina et al. (2004) indicated that changes in model 

behavior with changes in LFMAX are also probably related to the impact of these 

parameters on the total available assimilate pool, which appears to be one of the main 

driving forces for the model.  
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Spatial Prediction of Biomass 

As hypothesized, the model also quantified spatial variations in biomass production 

between and among cotton planted in different rows subjected to varying light 

transmittance levels. Differences in simulated biomass prediction in each of these 

treatments were based on the variations in plant morphological development that the 

model quantified. Consistent with measured values, the model predicted greater yield in 

row 8, both in 2001 and 2002, while row 1 had the lowest (Table 5-10). An increase in 

light transmittance to cotton in row 8 indicated a 42% increase in biomass over that of 

row 1 in 2001. Overall, biomass was slightly under-predicted in rows 1, 4 and 8 

treatments both in 2001 and 2002 when compared to the measured values (Table 5-10). 

Although Montieth et al. (1991) did not apply modeling tools to evaluate spatial 

differences in sorghum (Sorghum bicolor) production, they observed that the yield 

decreased dramatically due to a 50% reduction in light transmittance in the plants’ 

canopy, which was also observed in our experiment (Chapter 2). Chirko et al. (1996) also 

noted that planting at further distances from tree lines in an intercropping system in China 

influenced production of wheat. In their study, a higher level of PAR transmittance 

resulted in an increase in yield of wheat by 45.7 kg ha-1 between rows at 2.0 and 2.5 m 

from the tree line (Chirko et al., 1996). A similar observation was made by Droppelman 

et al. (2000), who reported that yield of sorghum in row position closest to the tree row 

was lower than yields in rows at further distance from the trees. These authors concluded 

that shading caused substantial reduction in yield of their experimental plants, although 

competition for water could have been a factor as well. 

The extent of shading could alter the efficiency of conversion of energy to dry 

matter by affecting light interception and the photosynthetic activity of individual leaves 
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(Peri et al., 2003). The model was able to account for this mechanism. It was, thus, 

confirmed that the model could be used to evaluate production under varying light levels 

caused by shading, provided that belowground resources are not limiting for growth.  

Conclusions  

Results of simulation indicated that aboveground mechanisms affecting production, 

which includes SLA and maximum photosynthetic capacity of cotton (LFMAX), 

influence model behavior. Changes in partitioning also influenced model behavior. 

Apparently, changing the coefficient values of these parameters resulted in significant 

changes in simulated values of the parameters of interest (i.e., LAI and biomass) 

regardless of environmental conditions, but such changes were more pronounced under 

the shaded treatments. Under shaded conditions, plants not only develop thinner and 

larger leaves but also exhibit higher light use efficiency. These crop traits, which the 

model took into account, mostly explained the observed differences in simulated values 

among treatments. Results of simulation also indicated that there could be possible 

interactive effects of partitioning and LFMAX in the course of formulating a desired 

model output (accurate prediction) when compared to that of the measured parameters 

(i.e., biomass). 

Results of simulation also showed that the model could be used to predict 

production under varying light levels in an agroforestry system. Future work should focus 

also on incorporating belowground dynamics (i.e., competition for water and nutrients) 

into the model to evaluate production as affected by all major competition vectors in 

agroforestry systems.  
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Table 5-1. Initial soil conditions in Jay, Florida in 2001 growing season used in the 
CROPGRO-cotton model. 

Soil Depth (cm) % Sand % Clay % Silt 

Bulk 
Density 
(g cm-3) % OM 

TKN 
(ppm) 

       
0-30 66.6 15.4 18.0 1.2 3.4 1350.0

       
30-60 64.6 19.0 16.4 1.2 2.1 1260.0

       
60-90 62.6 21.0 16.4 1.2 1.9 1000.0

       
90-120 63.2 19.0 17.8 1.2 1.8 830.0

              
 
Table 5-2. Definition of parameters used during the parameterization stage of employing 

the CROPGRO-cotton model to simulate production of cotton under shaded 
environment. 

Parameter Definition Unit 
   

SLAMAX 
The maximum specific leaf area (SLA) that can be attained under 
low light cm2 g-1 

SLAMIN 
The minimum specific leaf area (SLA) that can be attained under 
high light cm2 g-1 

SLAPAR 
The curvature of the relationship between SLA and 
Photosynthetically Active Radiation unitless

XPGSLW 
and 
YPGSLW 

Relative change in daily canopy assimilation with change in 
average canopy specific leaf weight (SLW unitless

      
 
Table 5-3. Computed coefficient parameter values based on actual data of cotton 

collected in a pecan-cotton alleycropping system in Jay, Florida. 
      
Parameters Old Model Values Computed Coefficient Values 
   
SLAPAR -0.047                    -0.055 
XPGSLW 0.003 0.002 
YPGSLW 0.162 0.330 
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Table 5-4. Calibrated genetic coefficients of cotton grown in a pecan-cotton 
alleycropping system in Jay, Florida. 
Treatments LFMAX SLAVR SIZELF 
    
Model Default Value 1.6 200 270 
    
Control 1.1 230 320 
Row 1 1.1 275 399 
Row 4 1.1 260 386 
Row 8 1.1 270 416 

LFMAX   Maximum leaf photosynthesis rate at 30°C, 350 vpm CO2, and high light  
(mg CO2

 m-2 s-1)  
 SLAVR   Specific leaf area of cultivar under standard growth conditions (cm2 g-1) 
 SIZELF     Maximum size of full leaf (cm2) 
 
Table 5-5. Comparison of RMSE and d-statistics of simulated and observed LAI based on 

calibrated and default model values. 
  Default  Calibrated 
Treatment LAI RMSE d-statistics  LAI RMSE d-statistics 
        
Control 1.53 0.97 0.51  1.61 0.44 0.73 
Row 1  1.41 0.85 0.45  1.51 0.17 0.92 
Row 4 1.66 1.73 0.43  2.47 0.93 0.63 
Row 8 2.10 1.42 0.53  2.38 0.60 0.75 
               

 
Table 5-6. Effects of varying size of leaf of cotton (SIZELF) on LAI prediction. 
     
          

Treatment SIZELF LAI RMSE d-statistics 
          

Control 3201 1.71 0.44 0.73
  

Row 1 3992 1.59 0.16 0.92
 435 1.59 0.16 0.92
 350 1.59 0.16 0.92
  
  

Row 4 3862 1.86 0.93 0.63
 425 1.86 0.93 0.63
 345 1.86 0.94 0.63
  
  

Row 8 4162 2.35 0.60 0.74
 460 2.35 0.60 0.74
 375 2.33 0.61 0.74

       
1 SLA value used in for the control 
2 SLA value used in the Cultivar file for each treatment 



92 

 

Table 5-7. Effects of varying SLA on LAI and biomass production. 
                

Treatment SLA LAI RMSE 
d-

statistics Biomass RMSE 
d-

statistics 
        

Control 2301 1.71 0.44 0.73 4331 465 0.98
        
Row 1 2752 1.59 0.18 0.92 1904 327 0.93
 200 1.46 0.26 0.85 2536 802 0.84
 305 1.65 0.14 0.94 1746 337 0.94
 245 1.53 0.21 0.88 2097 484 0.91
        
        
Row 4 2602 1.86 0.93 0.63 2516 235 0.97
 200 1.78 1.01 0.62 3210 713 0.91
 285 1.92 0.89 0.64 2322 259 0.96
 235 1.81 0.98 0.62 2769 346 0.97
        
        
Row 8 2752 2.35 0.60 0.75 3304 512 0.96
 200 2.18 0.70 0.73 4181 1123 0.88
 300 2.41 0.58 0.74 2996 505 0.93
 240 2.37 0.67 0.75 3720 720 0.94
                

1 Calibrated SLA value of cotton  
2 Actual SLA of cotton used in the cultivar file as indicated in each treatment 
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Table 5-8. Effects of partitioning on LAI and biomass production. 

  
Treatment 
  

% Carbon 
Partitioned 
to leaves 

 
Predicted 

LAI 
 

 
RMSE 

 

 
d-

statistics 
 

Biomass 
 

RMSE 
 

 
d-

statistics 
 

        

Control 
Model 
Value1 1.71 0.44 0.73 4331 465 0.98

        
Row 1 Model Value 1.59 0.18 0.92 1904 327 0.93
 162 2.16 0.15 0.94 2039 496 0.95
 20 2.63 0.22 0.89 2096 557 0.90
 13 2.14 0.29 0.81 1787 325 0.91
        
Row 4 Model Value 1.86 0.93 0.63 2516 235 0.97
 16 2.74 0.74 0.70 2660 347 0.99
 20 3.03 0.64 0.74 2721 417 0.96
 13 2.51 1.09 0.58 2387 437 0.95
        
Row 8 Model Value 2.35 0.60 0.75 3304 512 0.97
 16 3.29 0.51 0.81 3442 631 0.95
 20 2.59 0.50 0.81 3500 697 0.94
 13 3.05 0.73 0.73 3167 458 0.97
                

1 Calibrated partitioning to leaves used in the SPE.File 
2 Percent changes used in the sensitivity analysis of partitioning effects on LAI and biomass 
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Table 5-9. Effects of changing LFMAX in biomass prediction. 
     
          

Treatment LFMAX Biomass RMSE d-statistics 
          
     

Control 1.1* 4331 465 0.98 
     

Row 1 1.1* 1904 327 0.93 
 1.2 2075 515 0.91 
 1.3 2222 496 0.93 
 1.0 1705 421 0.89 
     

Row 4 1.1* 2516 235 0.97 
 1.2 2721 455 0.96 
 1.3 2895 403 0.96 
 1.0 2276 484 0.92 
     

Row 8 1.1* 3304 512 0.97 
 1.2 3538 554 0.95 
 1.3 3721 488 0.96 
 1.0 3027 476 0.94 

          
* model value 
 
Table 5-10. Comparison of simulated and observed biomass of cotton in 2001 and 2002 
    

Year Treatment Biomass (kg ha-1) 
    Observed Simulated 
    

2001 Control 5393 5401 
 Row 1 2455 2498 
 Row 4 3438 3253 
 Row 8 4600 4327 
    

2002 Control 4093 4909 
 Row 1 1808 1731 
 Row 4 2387 2278 
 Row 8 3387 2872 
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Figure 5-1. Conceptual framework showing shading as it affects biomass production 
under the CROPGRO-cotton model 
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Figure 5-2. Simulated SLA of cotton in each treatment after model calibration. 
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Figure 5-3. Simulated LAI of cotton in each treatment after model calibration. 
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Figure 5-4. Simulated aboveground biomass of cotton in each treatment in 2001 and 2002 
growing seasons. 
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Figure 5-5. Relationship between simulated and observed aboveground biomass of cotton 
in 2001 and 2002 growing seasons. 
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CHAPTER 6 
SUMMARY AND CONCLUSION 

The mechanisms and dynamics of aboveground competition for light and their 

effects on production have been only partially explored in the context of temperate 

agroforestry systems. If this information is available, temporal and spatial aspects of 

agroforestry system design and management can be formulated to mitigate the adverse 

effects of competitive interactions. This study was conducted with the following major 

objectives: 1) to determine light distribution and its effects on cotton biomass and lint 

yield in a pecan alleycropping system (Chapter 2); 2) to determine the production 

physiology of cotton as influenced by interspecific interaction (Chapter 3); 3) to examine 

morphological plasticity of cotton roots in response to interspecific competition (Chapter 

4); and 4) to apply a process-based model to simulate cotton biomass as affected by 

varying light levels (Chapter 5).  

In Chapter 2, we quantified temporal and spatial distribution of light and evaluated 

its effects on overall performance of cotton based on the hypothesis that growth and 

productivity of cotton would not be adversely affected by shading if belowground 

competition for water and nutrients was alleviated. We found that despite lower light 

transmittance in the barrier compared to the monoculture treatment, aboveground plant 

biomass was comparable to the monoculture in both years of the study. This indicated 

that cotton in the barrier treatment tolerated moderate shading and provided at least an 

acceptable yield when belowground competition for resources was alleviated. However, 

cotton in the non-barrier treatment could not withstand severe competition for both above 
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and belowground resources, thus exhibiting lower production when compared to that in 

the barrier and monoculture treatments. Results also indicated that, despite shading, the 

absence of belowground competition for resources increased radiation use efficiency 

(RUE) by 30% in the barrier compared to the non-barrier treatment. RUE of cotton in 

both barrier and non-barrier treatments was higher compared to the monoculture because 

light was limiting in the former treatments. Light interception and absorption were both 

affected by LAI. LAI between 3.0 and 4.0 was observed to be the optimum LAI 

providing the highest light absorbance and yield in our experiment.  

 In Chapter 3, we examined the production physiology of cotton. In general, 

shading by pecan trees resulted in varying leaf morphology of cotton among treatments, 

with cotton in the barrier and non-barrier treatments exhibiting greater leaf area, thus 

resulting in higher SLA than that in the monoculture plants. However, despite having 

higher SLA in the non-barrier treatment, compared to the monoculture, the competitive 

presence of trees for belowground resources exhibited a  74% and  65% decrease in 

canopy net photosynthetic index (CNPI) of cotton in the non-barrier (18.3 µmol m-2 s-1) 

compared to monoculture (70.7 µmol m-2 s-1 ) and barrier (52.7 µmol m-2 s-1) treatments, 

respectively. Relatively higher CNPI in the barrier treatment resulted in at least 

comparable aboveground production to that of the monoculture (Chapter 2). We also 

observed a non-significant variation in SLN of cotton between the barrier and non-barrier 

treatments, indicating that competition for nitrogen was not a factor driving productivity 

in our system.  Lower transpiration rates and stomatal conductance observed in the non-

barrier treatment compared to the barrier and monoculture treatments is perhaps an 

indication of drier soil conditions.   
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In Chapter 4, we examined morphological plasticity of cotton roots in response to 

interspecific competition from pecan. We found that competition for light along with 

belowground competition for water severely affected root morphological development of 

cotton in the non-barrier treatment. On a plant basis, average (across month) total root 

length in the non-barrier plants was 25% and 33% lower than that in the barrier and 

monoculture treatments, respectively. This resulted in significantly lower RLD in the 

non-barrier compared to the other two treatments. Cotton in the barrier treatment 

exhibited the highest root RLD among treatments followed by monoculture. Generally, 

roots were concentrated in the upper 30 cm layer of soil.  However, RLD was higher in 

the 30-60 layer in the non-barrier in 2002, indicating that competition for water was 

severe. Further, as a result of interspecific competition for resources, plants in the barrier 

and non-barrier treatments allocated more carbon in the shoot at the expense of their root 

system in order to enhance light capture. This mechanism resulted in lower root-shoot 

ratios in these treatments compared to the monoculture.  

In Chapter 5, we used a process-oriented model, CROPGRO-Cotton, a member of 

the decision support system for agrotechnology (DSSAT) model, to simulate production 

of cotton in the barrier treatment where light was assumed to be the only limiting 

resource for its growth. Parameterization and calibration were focused on model 

parameters that were mostly affected by the amount of light received. These parameters 

included SLA, SLW, root-shoot ratio, LAI, and leaf area. After model parameterization 

and calibration, we found that the model was very robust and could be used to simulate 

cotton production under this condition. Strong significant relationships between measured 
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and simulated values were observed for biomass (R2 = 0.92 and R2= 0.96, respectively, 

for 2001 and 2002).  

In general, our studies have shown that despite having an influence on multiple 

morphological variables and physiological processes, light as a competitive vector, is not 

a major determinant of productivity in pecan-cotton alleycropping systems. Shading 

effect of pecan trees in barrier and non-barrier treatments significantly affected the 

morphological development of cotton plants. Shading negatively affected SLA, LAI and 

root-shoot partitioning patterns of cotton in our system. This, in turn, contributed to low 

net photosynthetic capacity and biomass production of cotton in the non-barrier treatment 

despite high RUE (Figure 6-1). Although shading affected the morphological 

development of cotton plants, overall biomass production in the barrier treatment was 

comparable to the monoculture treatment. Root-root interactions that led to water 

competition between pecan and cotton (Wanvestraut et al., 2004) in the non-barrier 

treatment resulted to low root biomass production. Such mechanism also negatively 

influenced leaf area development, SLA and LAI of cotton plants. Low LAI resulted to 

reduction in light capture and absorption capacity of cotton plants in the non-barrier 

treatment (Figure 6-1). Our studies further indicated that temperate alleycropping 

provides a unique opportunity to attain production comparable to monoculture 

conditions, provided that belowground competition for resources is eliminated or 

alleviated. Management of temperate alleycropping systems, particularly pecan and 

cotton, should take this into account.  Overall, the findings from this study provide a 

unique contribution to our understanding of competition for light and its effects on 

overall production with and without belowground competition for resources. 



104 

 

 
Figure 6-1. Model showing the competitive vectors and their influence on biomass 

production in a pecan-cotton alleycropping system in Jay, Florida. 
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APPENDIX A 
MODEL INTERFACE  
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APPENDIX B 
SAMPLE GRAPHICAL OUTPUT OF THE CROPGRO COTTON MODEL 
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APPENDIX C 
SAMPLE OVERVIEW OUTPUT OF THE CROPGRO-COTTON MODEL 

*SIMULATION OVERVIEW FILE 
 
*DSSAT Cropping System Model Ver. 4.0.1.000 Feb 21, 2005; 15:42:04 
                                                                                 
*RUN   1        : Control                                                        
 MODEL          : CRGRO040 - COTTON                                              
 EXPERIMENT     : UFJY0101 CO JAYFL                                              
 TREATMENT  1   : Control                                                        
                                                                                 
 CROP           : COTTON    CULTIVAR : TEMPLATE  CDM    ECOTYPE :CO0001     
 STARTING DATE  : MAY 16 2001                                                    
 PLANTING DATE  : MAY 16 2001    PLANTS/m2 : 12.0  ROW SPACING : 100.cm       
 WEATHER        : UFJY   2001                                                    
 SOIL           : UFJA010001     TEXTURE : SL    - ed Bay sandy loam             
 WATER BALANCE  : NOT SIMULATED ; NO H2O-STRESS                                  
 IRRIGATION     :                                                                
 NITROGEN BAL.  : NOT SIMULATED ; NO N-STRESS                                    
 N-FERTILIZER   :                                                                
 RESIDUE/MANURE :                                                                
 ENVIRONM. OPT. : DAYL=  0.00  SRAD=  0.00  TMAX= 0.00  TMIN=    0.00     
                  RAIN=  0.00  CO2 = R330.00 DEW =0.00  WIND=    0.00     
 SIMULATION OPT : WATER   :N  NITROGEN:N  N-FIX:N  PHOSPH :N  PESTS  :N          
                  PHOTO   :C  ET      :R  INFIL:S  HYDROL :R  SOM    :G          
 MANAGEMENT OPT : PLANTING:R IRRIG :R FERT:A RESIDUE:N HARVEST:M  WTH:M   
                                                                                 
*SUMMARY OF SOIL AND GENETIC INPUT PARAMETERS                                    
                                                                                 
 COTTON     CULTIVAR :IB0002-TEMPLATE  CDM      ECOTYPE :CO0001                  
 CSDVAR :23.00 PPSEN : 0.01 EMG-FLW:30.00 FLW-FSD:16.00 FSD-PHM : 63.00     
 WTPSD :0.150 SDPDVR : 20.0 SDFDUR :22.00 PODDUR :15.00 XFRUIT  :  0.55     
                                                                                 
                                                                                 
                                                                                 
                                                                                 
*SIMULATED CROP AND SOIL STATUS AT MAIN DEVELOPMENT STAGES 
 
 RUN NO.     1     Control                  
 
        CROP GROWTH   BIOMASS         LEAF   CROP N     STRESS   
   DATE  AGE STAGE      kg/ha    LAI   NUM  kg/ha  %   H2O    N  
 ------  --- ---------- -----  -----  ----  ---  ---  ----  ---- 
 16 MAY    0 Start Sim      0   0.00   0.0    0  0.0  0.00  0.00 
 16 MAY    0 Sowing         0   0.00   0.0    0  0.0  0.00  0.00 
 23 MAY    7 Emergence      3   0.01   0.1    0  4.1  0.00  0.00 
 23 MAY    7 End Juven.     3   0.01   0.1    0  4.1  0.00  0.00 
 23 MAY    7 Flower Ind     3   0.01   0.1    0  4.1  0.00  0.00 
 28 MAY   12 First Leaf     7   0.01   1.2    0  3.7  0.00  0.16 
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 27 JUN   42 Flowering    326   0.41   8.0   12  3.8  0.00  0.00 
  9 JUL   54 Boll > 6mm   847   0.89  10.2   29  3.4  0.00  0.00 
 17 JUL   62 First Seed  1296   1.23  11.5   43  3.3  0.00  0.00 
 11 SEP  118 End Leaf    4868   1.85  17.8  118  2.4  0.00  0.00 
  2 OCT  139 Bolls>.5sz  5657   1.86  19.4  130  2.3  0.00  0.00 
  5 OCT  142 End Msnode  5776   1.86  19.7  130  2.2  0.00  0.00 
 12 OCT  149 Cracked Bl  5869   1.85  19.7  127  2.2  0.00  0.00 
 22 OCT  159 90%Open Bl  4675   0.20  19.7   91  1.9  0.00  0.00 
 22 OCT  159 Harvest     4675   0.20  19.7   91  1.9  0.00  0.00 
 
 
*MAIN GROWTH AND DEVELOPMENT VARIABLES 
 
@     VARIABLE                          SIMULATED     MEASURED 
      --------                          ---------     -------- 
      Anthesis day (dap)                       42          -99 
      Pod 1 day (dap)                          54          -99 
      Full pod day (dap)                       62          -99 
      Physiological maturity day (dap)        149          -99 
      Yield at maturity (kg [dm]/ha)         1830          -99 
      Pod weight at maturity (kg [dm]/ha)    2481          -99 
      Number at maturity (no/m2)             1260          -99 
      Unit wt at maturity (g [dm]/unit)    0.1453          -99 
      Number at maturity (no/unit)          20.00          -99 
      Tops weight at maturity (kg [dm]/ha    4675          -99 
      By-product harvest (kg [dm]/ha)        2059          -99 
      Leaf area index, maximum               1.86          -99 
      Harvest index at maturity             0.392          -99 
      Threshing % at maturity               73.78          -99 
      Grain N at maturity (kg/ha)              48          -99 
      Tops N at maturity (kg/ha)               91          -99 
      Stem N at maturity (kg/ha)               24          -99 
      Grain N at maturity (%)                2.62          -99 
      Tops weight at anthesis (kg [dm]/ha     326          -99 
      Tops N at anthesis (kg/ha)               12          -99 
      Leaf number per stem, maturity        19.69          -99 
      Grain oil at maturity (%)             11.73          -99 
      Canopy height (m)                      0.93          -99 
      Day of Harvest Maturity Stage (dap)     159          -99 
 
     Cotton YIELD :     1830 kg/ha    [DRY WEIGHT]  
 
*********************************************************************** 
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