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Agriculture is the single largest user of fresh water in Florida. It has also been 

recognized as the leading source of pollution of surface and groundwater bodies. Due to 

concerns of contamination and shortage of water, state agencies in Florida are 

encouraging the adoption of better water and nutrient management practices. Vegetable 

production, mainly grown in the southwest region, constitutes a major part of the state’s 

agriculture. This study was designed to develop local crop coefficients (Kc) for 

watermelon and bell pepper to aid in better irrigation scheduling, and compare the 

impacts of the drip and seepage systems on water quality. 

Six drainage lysimeters (4.87 m × 3.65 m × 1.37 m) were constructed and installed 

in a vegetable field at the University of Florida-Institute of Food and Agricultural 

Sciences (UF/IFAS) research center at Immokalee, Florida. Four lysimeters were 

irrigated by drip and two by seepage irrigation system. Inputs and outputs for the water 

xii 



and nutrient (nitrogen and phosphorus) budget were measured individually for each 

lysimeter.  

Bi-weekly and monthly Kc for bell pepper (fall 2003) and watermelon (spring 

2004) were developed using FAO-Penman Monteith (FAO-PM) and FAO-Blaney 

Criddle (FAO-BC) based ETo methods. Monthly Kc curves for both ETo methods, 

conformed better to the conventional crop curves than the biweekly curves. Very high 

correlation (R2 > 0.99) for watermelon Kc curves compared to bell pepper curves was 

due to fewer rainfall events during spring 2004. Results indicated that rainfall resulted in 

increased evaporation losses, introducing uncertainties in the water budget. The use of 

drip irrigation resulted in 20% and 31% reduction in crop evapotranspiration of bell 

pepper and watermelon respectively, compared to that under the seepage system 

Fertigation and lower mass of infiltrating water in the drip system resulted in 40% 

and 45% lower nitrate and dissolved inorganic nitrogen (N) loading respectively, than in 

the seepage system. Results also indicated that the drip system had lower denitrification 

losses than the seepage system. Contrary to N, total phosphorus (P) discharge was 87% 

higher from the drip system than the seepage system. Higher P discharge from the drip 

system was likely due to cyclic downward movement of water. Less than 5% of the 

fertilizer P was lost in drainage and runoff discharge from the lysimeters, which showed 

that the bulk of the fertilizer P was stored in the soil at the end of the crop season. 
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CHAPTER 1 
INTRODUCTION 

Background 

Florida has been endowed with abundant water resources comprising over 1700 

streams and rivers, 7800 fresh water lakes and annual rainfall of 1145-1520 mm (Marella, 

1999). However, with a population growth rate of nearly 23% (BEBR-UF, 2001) and 

blooming economic development, demand for water is increasing continuously. Even 

with its vast resources, water is in short supply in the state. To make matters worse, 

contamination from the industrial and the agricultural activities are making the surface 

and groundwater resources unusable. Conserving water and preserving its quality are two 

challenges faced by the state. 

Agriculture is the single largest user of fresh water in the state, accounting for 45% 

of total fresh water withdrawals in 1995 (Marella, 1999). Vegetable production 

constitutes a large part of Florida’s agriculture industry. Sub-tropical climate in south 

Florida makes the area conducive for vegetable production. Main vegetable crops grown 

in the region are tomato, pepper, watermelon and eggplant. Vegetable production in the 

state is carried out on highly sandy soils that are characterized by low water holding 

capacity and organic matter content. Water and nutrients can easily be lost from these 

soils. Therefore, vegetable production in the state utilizes raised soil beds covered with 

plastic mulch. These beds help in conserving the soil moisture and reduce nutrient losses. 

Although Florida receives large amounts of rainfall annually, nearly 70% of the total is 

received during the non-growing season of June-October. Temporal variability coupled 
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with spatially variable nature of rainfall makes irrigation a necessity for state’s 

agriculture. While under-application of water can lead to plant stress and increase the 

salinity of soil, over-application leads to wastage of water and leaching of nutrients from 

the root zone. Sound irrigation scheduling and use of efficient irrigation systems is the 

key for optimum plant growth which can also help in conserving the water quantity and 

quality. 

To develop an effective irrigation management strategy, it is important to estimate 

the crop water use. Knowledge of crop coefficient (Kc) is essential for the estimation of 

water use. It helps in determining the water requirement of the crops according to their 

growth stage and environmental factors. Kc is the ratio of crop evapotranspiration (ETc) 

and reference evapotranspiration (ETo). While ETo is estimated by using weather 

parameters, ETc is measured by conducting lysimeter experiments. Studies have found 

that Kc for the same crop may vary from place to place based on factors such as climate 

and soil evaporation (Allen et al., 1998; and Kang et al., 2003). Doorenboss and Pruitt 

(1977) and Kang et al. (2003) emphasized the need to develop local Kc for accurate 

estimation of water use, under a specific climatic condition. Studies conducted over the 

years have developed local Kc for tomato, strawberry (Clark et al., 1996) and blueberries 

(Haman et al., 1997) under the warm and humid climate of Florida. However, local Kc for 

crops such as watermelon and bell pepper need to be developed. While Kc is effective for 

scheduling irrigation for micro-irrigation systems, it may not be useful for seepage 

irrigation system which is primarily concerned with maintaining a water table to 

replenish crop water needs. 
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Seepage system is the most prominent irrigation system used in Florida (Smajstrla 

and Haman, 1997). Seepage irrigation supplies water to the root zone through capillary 

movement of water (upflux) from a high water table of 45-60 cm (referenced to the 

plastic mulch bed). Seepage system has low application efficiency of 30 to 40% (Stanley 

and Clark, 1991) and requires considerably large amount of water to keep the optimum 

soil moisture. Considerable part of irrigation in the seepage system is lost to deep 

percolation, runoff and subs-surface lateral movement of water. Loss of water is 

accompanied with the loss of nutrients from the root zone. Majority of the nutrients 

which move away from the root zone eventually find their way into surface or 

groundwater system. On the other hand, drip system applies water directly to the root 

zone with high efficiency, thereby minimizing the water loss. Studies have shown that the 

drip system reduces the water use of tomato by 50% compared to the seepage system in 

Florida (Pitts and Clark, 1991). Moreover, drip system provides the opportunity to apply 

fertilizer mixed with irrigation water, on as needed basis through fertigation.  

Split application of fertilizer compared with a single application, can lower nutrient 

leaching (Singh and Sekhon, 1976). Through fertigation, drip system can reduce 

potentially leachable fertilizer in the beds at any given time compared to the seepage 

system. Therefore, fertigation can potentially reduce the transport of nutrients away from 

the root zone. Limited research has been undertaken to quantify the benefits of drip 

system over the seepage system. As a result, adoption of the drip system has been limited 

in Florida. Unless the benefits of the drip system are validated for a variety of locally 

grown crops, its acceptance by farming community will be restricted.  
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Field scale studies have been used in the past to study nutrient transport (Pier and 

Doerge, 1995; Aceves and Dendooven, 2001; Lamm et al., 2001). However, one of the 

main sources of uncertainty for a field scale experiment in south Florida is due to the 

highly interactive surface and groundwater systems. Difficulty in isolating a research plot 

from the effects of its surrounding fields can result in exchange of dissolved nutrients 

from one field to another. Lack of definite boundary conditions poses challenge to any 

attempt of quantifying the effectiveness of irrigation and nutrient best management 

practices (BMPs). Shortcomings of a field scale experiment can be overcome by the use 

of lysimeters. Lysimeters are containers used to study the optimization of water 

management for any crop if they are adequately designed to approximate the physical 

system (Chow, 1964). Lysimeters provide a direct estimation of ETc (Clark et al., 1996; 

Steele et al., 1996; Haman et al., 1997; Simon et al, 1998) which is used to develop Kc. 

Moreover, recent literature shows that lysimeters are increasingly being used in the water 

quality studies (Prunty and Montgomery, 1991; Martin et al., 1994; and Liaghat and 

Prasher, 1996). Therefore, a lysimeter is a better tool than field experiment to develop Kc 

and study the nutrient transport in south Florida. 

Goals and Objectives 

The goal of this study was to quantify the differences in ETc and nutrient leaching 

under drip and seepage system for watermelon and bell pepper for south Florida 

conditions. The specific objectives were 

1. To quantify ETc and develop Kc for the two crops using drip and seepage irrigation 
systems. 

2. To quantify nitrogen and phosphorus leaching under the drip and seepage irrigation 
systems. 

 



CHAPTER 2 
REVIEW OF LITERATURE 

Florida is ranked among the top 10 agricultural production states in the nation 

(Marella, 1999). Fruits, vegetables, field crops, ornamentals and cattle are its main 

agricultural products. The vegetable production industry in Florida is ranked second after 

California in terms of acreage of fresh vegetables (United States Department of 

Agriculture-National Agricultural Service [USDA-NASS], 2003). The agricultural sector 

relies heavily on natural water resources to meet its demands, accounting for nearly 45% 

of the total fresh water withdrawals in 1995 (Marella, 1999). However, with a growing 

demand of water, the resources are beginning to get stressed to a point where withdrawals 

are more than the recharge. Improper irrigation management and inefficiencies in 

irrigation systems can result in considerable wastage of water. The problem of water 

shortage is compounded due to the increased pollution of the resources. United States 

Environmental Protection Agency (USEPA, 2002) recognized agriculture as the primary 

cause of pollution of water resources in the USA. Nitrate leaching to groundwater and 

phosphorus loading in runoff are of special concern in terms of pollution from 

agriculture. Science based agricultural water management is key to addressing the 

problems of water shortage and pollution.  

This study was designed to develop effective irrigation and nutrient best 

management practices (BMPs) for Florida. Literature pertaining to impact of agricultural 

water management on water use and water quality was reviewed to support the objectives 

of this study. 
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Impact of Agricultural Water Management on Water Use 

Irrigation System 

Smajstrla and Haman (1997) reported that nearly 43% of the total irrigated land in 

Florida utilizes seepage irrigation system, while about 30% and 25% of irrigated land is 

under sprinkler and drip system respectively. The seepage system, which has very low 

application efficiency of 30 to 40% (Stanley and Clark, 1991), supplies water through 

open ditches to maintain high water table. The water table supplies moisture in the root 

zone through upward movement of water. However, sandy soils in Florida have macro 

pores and tend to lose water very quickly. As a result, they have low plant available water 

(PAW). PAW is the amount of water between the permanent wilting point (WP) and field 

capacity (FC). WP is the soil moisture content at which plants can no longer extract water 

to fulfill their transpiration needs (Michael, 2001). FC is the moisture content held by soil 

after additional water is drained by gravitational force (Michael, 2001). To achieve 

proper plant growth, it is imperative to keep the soil moisture content between FC and 

WP. To avoid moisture stress, continuous supply of water is maintained under seepage 

system. This increases soil moisture in the non-cropped areas causing high evaporation 

losses and consequently higher water use. 

In contrast to the seepage system, the drip irrigation system has a high application 

efficiency of nearly 85% (Simonne et al., 2003) and can apply water directly to the root 

zone. Allen et al. (1998) observed that use of drip system under plastic mulch beds can 

substantially reduce the evaporation (Ea) losses from exposed row middles. Associated 

with the reduced Ea, there is an increase in transpiration (Tp), caused by the transfer of 

both sensible and radiative heat from the surface of plastic cover to the adjacent 
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vegetation. Even with 10-30% increase in Tp, the crop coefficients (Kc) decrease by 10-

30%, due to significant (50%) reduction in soil Ea (Allen et al., 1998). 

Effectiveness of the drip irrigation system over the seepage system was 

demonstrated by Pitts and Clark (1991). They reported about 50% reduction in the water 

use of tomato under plastic mulch conditions in Florida, when irrigated by drip irrigation 

system compared to seepage system. Smajstrla et al. (2000) also reported 36% less water 

use for potato grown under the drip system compared to the seepage system, without 

affecting the crop yield. Similar study conducted in India by Singandhupe et al. (2003) 

reported 31-37% reduction in the water use of tomato using the drip system compared to 

the gravity flow furrow irrigation. Some studies have even reported that compared to the 

surface irrigation systems, drip system is better for the plants in terms of their 

morphological growth (Antony and Singandhupe, 2004) and can result in higher yield 

(Yohannes and Tadesse, 1998; Cetin and Bilgel, 2002).  

Irrigation Scheduling 

While every irrigation system has its advantages and limitations, irrigation 

scheduling is the most critical factor for the application of right amount of water to the 

crops. Irrigation scheduling is the decision of frequency, time, and amount of irrigation 

applied to a crop. Different methods such as hand feel, gravimetric method, water budget, 

tensiometers and real time soil moisture monitoring (Broner, 2001) are used for 

scheduling irrigation. While most of these methods are highly labor intensive and need 

expensive instruments, the hand feel method is the most simple and convenient irrigation 

scheduling method. But hand feel method is fraught with uncertainties and can easily 

result in improper irrigation. Hill and Allen (1996) suggested the use of calendar method 

based on long term weather data for irrigation decision. In a similar study Hill et al. 
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(1984) used computer based scheduling calendars for U.S. and Pakistan. Their model, 

known as the crop yield and soil water management simulation model (CRPSM), 

amalgamated the influence of weather conditions on plant growth stage progress and 

yield as influenced by soil water content. However, both the models discussed above 

failed to consider the effect of climatic variability on daily water use. Florida has highly 

variable climatic conditions due to the cloud cover and random rainfall (Smajstrla et al., 

1997) and application of calendar method can be questionable as it may result in over or 

under irrigation on a hot and humid or cold and overcast day respectively. 

Soil moisture based irrigation scheduling involves using moisture measurement 

devices to schedule irrigation. Tensiometers and resistance blocks have been used for this 

purpose. Stenitzer (1996) presented the use of gypsum blocks or granular matrix sensors 

(GMS) for irrigation scheduling. But, one of the main challenges in using such devices is 

their installation at locations which are representative of entire field. Moreover, most of 

these devices have a small sensor (e.g. Watermark GMS = 6 cm; tensiometers = 6 cm) 

and therefore fail to capture the soil water status of the entire soil profile. 

One of the most reliable methods of irrigation scheduling is based on soil water 

status and water budget knows as ET-based irrigation scheduling. This method is based 

on predicting the crop water use based on crop growth. Crop water use can be defined as 

the amount of water utilized by a crop during a growing season. It includes the water lost 

via soil Ea and Tp. Tp constitutes nearly 99% of total water taken up by the plants as they 

retain less than 1% of the total uptake (Hillel, 1997). The combination of Ea and Tp is 

termed as evapotranspiration (ET). The ET takes into account factors such as climate, 

crop, management and environmental conditions (Allen et al., 1998). By combining the 
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effect of these factors, ET-based irrigation scheduling provides the most comprehensive 

method of estimating crop water use and scheduling irrigation. 

Evapotranspiration 

Ea and Tp are the two most important processes governing removal of water from 

the land. These processes occur simultaneously, and are hard to be distinguished from 

each other (Allen et al., 1998). Stanhill (1973) found considerable interaction between the 

two processes. The term ET was coined to define the total loss of water from an area. 

While occurring simultaneously, Ea is governed by the availability of water in the topsoil 

and the fraction of solar radiations reaching soil surface. Amount of solar radiation 

reaching soil surface varies with the nature of crop canopy. Tp on the other hand is a 

function of crop canopy and soil water status. Ea has been found to dominate the ET by as 

much as 100% during early stages of crop growth while Tp contributes to nearly 90% of 

the ET for a fully matured crop (Allen et al., 1998). Liu et al. (1998) reported that soil Ea 

constitutes nearly 30% of the total field ET. Similar study by Kang et al. (2003) found 

that Tp accounted for 67% and 74% of seasonal ET for wheat and maize respectively, 

grown under semi humid conditions. ET can be classified into two types: reference 

evapotranspiration (ETo) and crop evapotranspiration (ETc) (Allen et al, 1998). 

Reference evapotranspiration (ETo) 

ETo is a representation of the Ea demand of atmosphere, independent of crop 

growth and management factors (Allen et al., 1998). It is a climatic parameter determined 

by the weather data. Allen et al. (1994) define ETo as “the rate of ET from a hypothetical 

reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 sec 

m-1 and an albedo of 0.23, closely resembling the evapotranspiration from an extensive 

surface of green grass of uniform height, actively growing, well-watered, and completely 
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shading the ground.” ETo determines the loss of water from a standardized vegetated 

surface, which helps in fixing the base value of ET specific to a site.  

ETo can be measured in-situ by measuring the open water surface evaporation from 

an evaporation pan. Open water Ea incorporates the effects of temperature, humidity, 

wind speed and solar radiation. Pan evaporation coupled with the use of a calibrated pan 

coefficient (Kp) to relate Ea with the standard vegetative surface, can provide good 

estimates of ETo, provided that soil water is readily available to the crop (James, 1988). 

Some of the commonly used pans are: Class-A Evaporation pan and Sunken Colorado 

pan. However, pan evaporation method requires regular maintenance of the evaporation 

pan and the vegetation around it. Also, unavailability of local pan coefficient can limit the 

accuracy of ETo estimates. 

Alternatively ETo can be estimated from meteorological data using empirical and 

semi-empirical equations. Jacobs and Satti (2001) identified three approaches commonly 

used for estimating ETo from meteorological data: 

1. Temperature based approach: Methods based on this approach use air temperature 
as the surrogate for the amount of energy available for ETo. Lack of a direct 
relation between the air temperature and radiation limits the accuracy of these 
methods. However, local calibration can improve their estimations. Common 
temperature based methods are McCloud method, Thornthwaite, and Blaney-
Criddle methods. 

2. Radiation based approach: These methods compute ET based on the amount of 
radiation energy reaching the surface (Allen et al., 1998). Commonly radiation 
based methods include Priestly Taylor, Turc and Hargreaves methods. 

3. Combination of temperature and radiation based approach: Radiation energy 
converts water into vapor but the driving force to remove vapor from the 
evaporating surface is the difference of saturation pressure between air and the 
evaporating surface. Saturation pressure depends on the relative humidity of the air. 
Wind velocity also plays a part in ET by replacing saturated air with drier air to 
keep the process in continuation. Penman (1948) presented a combination approach 
which includes radiation and aerodynamic terms. This approach requires extensive 
meteorological data including radiation, air temperature, wind velocity and relative 
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humidity. Lack of availability of such extensive data can limit its application. 
Commonly used combination approach methods are based on the Penman 1948 
equation with numerous modifications by different researchers over the years. 

Several studies have been conducted over the years to evaluate the accuracy of 

different ETo methods. Most of these studies have concluded that Penman-Montieth 

equation in its different forms provides the best ETo estimates under most conditions 

(Ventura et al., 1999; Kashyap and Panda, 2001). Therefore, the Food and Agricultural 

Organization (FAO) recommended FAO-Penman Monteith (FAO-PM) method as the 

sole standard method for computation of ETo (Allen et al., 1998). FAO-PM can provide 

accurate ETo estimates for weekly or even hourly periods. However, the Blaney-Criddle 

method in its different forms is commonly used by the water management districts in 

Florida for the purpose of water allocations. However, Nichols et al. (2004) noted that the 

inability of SCS Blaney-Criddle method to account for the processes which govern the Ea 

rate result in overestimation of ET. 

Crop evapotranspiration 

The actual crop water use depends on climatic factors, crop type and crop growth 

stage. While ETo provides the climatic influence on crop water use, Tp component of 

water use as affected by crop and management factors is described by ETc. Factors 

affecting ETc such as ground cover, canopy properties and aerodynamic resistance for a 

crop are different from the factors affecting reference crop (grass or alfalfa); therefore, 

ETc significantly differs from ETo.  

The characteristics that distinguish field crops from the reference crop are 

integrated into a crop factor or crop coefficient (Kc) (Allen et al., 1998). Kc is used to 

determine the actual water use for any crop in conjunction with ETo (Equation 2-1).  
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occ ETKET ×=  Equation 2-1 

Crop coefficient 

The crop coefficient (Kc) is computed as the ratio of reference and crop ET 

(Equation 2-1). Allen et al. (1998) listed the factors affecting Kc as crop type, crop 

growth stage, climate and soil evaporation. Kc is most commonly expressed as a function 

of time (Clark et al., 1996; Haman et al., 1997). However, Kc as a function of time does 

not take into account environmental and management factors that influence the rate of 

canopy development (Grattan et al., 1998). Therefore, most researchers have reported Kc 

as a function of days after transplanting (DAT) which helps to reference Kc on crop 

development stage (Allen et al., 1998; Tyagi et al., 2000; Kashyap and Panda, 2001; 

Sepashkah and Andam, 2001). Recent literature also describes Kc as a function of 

cumulative growing degree days (CGDD) (Steele et al., 1996; and Sepashkah and 

Andam, 2001) and the canopy cover (Grattan et al., 1998).  

Accurate prediction of crop water use is the key to develop efficient irrigation 

management practices making it imperative to develop Kc for a specific crop. Numerous 

studies have been conducted over the years to develop the Kc for different agricultural 

crops. Since most of the studies have been specific to one or two crops, Doorenbos and 

Pruitt (1977) prepared a comprehensive list of Kc for various crops under different 

climatic conditions by compiling results from different studies. Similar list of Kc was also 

given by Allen et al. (1998) and Doorenbos and Kassam (1979).  Use of standard ETo has 

made it easier to transfer the Kc from one location to another (Irmak and Haman, 2003). 

However, Kc for a crop may vary from one place to another depending upon climate, soil, 

crop type, crop variety, irrigation methods etc (Kang et al., 2003). Thus, for an accurate 
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estimation of the crop water use, it is imperative to use a local Kc. Doorenbos and Pruitt 

(1977) and Kang et al. (2003) have emphasized the need for local calibration of Kc under 

a given climatic conditions. Therefore, the reported values of Kc should be used only in 

places where local data are not available. In summary, there is a need to develop local Kc 

for a realistic estimation of water use to better schedule irrigation. 

Estimation of Kc 

Brouwe and Heibloem (1986) outlined the steps for development of Kc as: 

determination of total growing period of the crop, identifying the length of different 

growth stages, and determination of Kc values for each growth stage. However, Kc cannot 

be measured directly, but is estimated as a ratio (Equation 2-1). While ETo can be 

estimated using one of several available methods, ETc can be estimated by a lysimeter 

study or by Bowen Ratio energy balance method (Gratten et al., 1998). Latter method 

incorporates the ratio of sensible heat exchange and latent heat exchange. It uses 

measurements of wind speed and humidity at two levels (Dingman, 1993). However, 

need of elaborate instrumentation has limited its use to research settings (Dingman, 

1993). Alternatively, ETc is measured by growing crops in containers known as 

lysimeters. 

A lysimeter is essentially a container which isolates soil and water hydrologically 

from its surroundings, but still represents the adjoining soil as closely as possible. 

Lysimeters can be used as a research tool to study plant-water relationships if they are 

designed adequately to approximate the physical system (Chow, 1964). Lysimeters 

provide a controlled soil-water or nutrient environment system for precise measurement 

of water and nutrient use and movement (Chalmers et al., 1992). Aboukhaled et al. 

(1982) identified two types of lysimeters: 
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1. Weighing lysimeter: It measures the ETc based on the difference in weight of the 
lysimeter over a period of time. It uses a balance beam and a counter weight 
mechanism or load cell to measure the weight of lysimeter. It provides the most 
accurate measurement of ETc. (McFarland et al., 1983; Sharma, 1985; Meshkat et 
al., 1999).  

2. Non-weighing or drainage lysimeter: These lysimeters are used to estimate ET by 
computing water balance. Water balance involves measuring all the water inputs 
and outputs to the lysimeter and the change in soil moisture over a stipulated period 
of time. These lysimeters a provide viable estimate of ETc for longer periods such 
as weekly or monthly. 

Tyagi et al. (2000) used weighing lysimeters to estimate hourly ETc for wheat and 

sorghum. Kashyap and Panda (2001) measured daily ETc for potato using weighing 

lysimeters. Several other studies have also utilized weighing lysimeters to estimate ETc 

(Liu et al., 1998; Tolk et al., 1998 and Zang et al., 2004). However, one of the major 

challenges in using a weighing lysimeter is the difficulty to accurately measure small 

change in weight of the lysimeter in relation to the large and heavy soil mass. Therefore, 

the weighing mechanism needs to be accurately calibrated as small errors can translate 

into large errors in ET computation. Moreover, these lysimeters are very costly, complex 

in design and difficult to maintain (Smajstrla, 1985).  

On the other hand, drainage lysimeters are simpler in design and less costly to 

construct, as surrounding soil can be used to support the lysimeter (Aboukhaled et al., 

1982). In some studies, the drainage lysimeters have been reported to be as accurate as 

the weighing lysimeters. Oad et al. (1997) studied the accuracy of weighing and drainage 

lysimeter against a large weighing lysimeter, used as the control. Using six small 

lysimeters of both types, they found that the weighing lysimeters slightly underestimated 

ET while the drainage lysimeters overestimated ET. However, they concluded that ET 

estimates from the two types of lysimeters were not statistically different. 
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Design considerations for lysimeters 

One of the most important factors controlling the accuracy of a lysimeter is its size 

(Gangopadhyaya et al., 1966). Clark and Reddell (1990) noted that the lysimeter surface 

area and its depth should be large enough to minimize root restrictions. On the 

effectiveness of miniature lysimeters (10 cm diameter and 10 cm deep), Gangopadhyaya 

et al. (1966) reported that these lysimeters were “sensitive” but not reliable due to 

distortions in thermal properties. They concluded that accuracy of lysimeters increase 

with an increase in their surface area. Boast and Robertson (1982) reported that shallow 

lysimeters tend to retain more water per unit depth than the actual field and thus 

introduce a bias by overestimating ET. Yang et al. (2000) reported that groundwater 

evaporation contributes up to 56% of total ET. Therefore, authors suggested that 

lysimeters measuring ET should be deep enough to account for soil-water and 

groundwater exchanges and water table fluctuations. 

Another debatable topic concerning design of lysimeters is the use of a rain shelter. 

To avoid unwanted water from entering the lysimeter system via precipitation, rain 

shelters have been employed at some of the lysimeter sites around the world. By keeping 

unwanted rainfall away from the system, rain shelters reduce the uncertainty in ET 

estimation especially, during the times soon after rainfall when extremely wet soil 

conditions trigger high ET rate. However, their use in field studies also has attracted 

some criticism. Dugas and Upchurch (1984) reported that the sides of rain shelter can 

restrict the wind movement under the shelter causing excessive heat. Authors further 

noted that rain shelter lowered the radiation reaching the plants by 30 - 40%. Clark and 

Reddell (1990) noted that permanent rain shelters excessively heated the crop due to 

improper ventilation. 
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Lysimeter-based crop coefficients 

Lysimeters have been successfully used by researchers to measure the ETc and 

develop Kc for various fruits and vegetables (Clark et al., 1996; and Haman et al., 1997) 

and field crops (Steele et al., 1996; Simon et al, 1998; Tyagi et al., 2000). 

Tyagi et al. (2000) estimated Kc for wheat and sorghum for the semi-arid climatic 

conditions in India by using a weighing lysimeter. Using a lysimeter with effective 

surface area of 4 m2, Tyagi et al (2000) developed stage-wise Kc for both the crops using 

four methods of ETo estimation. They also compared their estimated Kc for the two crops 

with the FAO published Kc (Doorenboss and Pruitt, 1977). Authors reported that their 

estimated Kc matched with reported values at maturity stage. 

Kashyap and Panda (2001) used small weighing lysimeters (75 cm diameter; 75 cm 

depth) to develop Kc for potato for semi-humid climate in India. Using FAO-PM method 

to develop Kc, they reported differences in their developed Kc and the reported values. 

Steele et al. (1996) developed mean crop curves for corn as a function of DAT and 

CGDD based on Jensen and Haise (1963) and modified Penman equation (Allen, 1986) 

ETo methods. Using 11 years of data from four drainage lysimeters, they developed fifth 

order crop curves for corn using both ETo methods. Crop curves based on DAT were 

found to be more accurate with a higher r2 and lower RSME than those based on CGDD. 

Table 2-1. Statistical results for corn crop curves from 11 years of data. 
 Jensen-Haise (ETo) Penman-Allen (ETo) 

Kc Statistics DAT based a CGDD based b DAT based CGDD based 

r2 0.679 0.544 0.622 0.521 

Source: Steele et al. (1996); a DAT is days after transplanting; b CGDD is cumulative 
growing degree days. 
 

 



17 

The authors explain that lower r2 (Table 2-1) were due to the uncertainties in 

measurements from the drainage lysimeters. They revealed that the lack of accuracy in 

determining soil moisture, measured by neutron attenuation method, was the most 

important source of variability in their study. They noted that lack of monitoring of soil 

moisture at the bottom 0.3 m region of the lysimeter added uncertainty in the results. 

Another complicating part of their study was negative Kc for periods when lysimeters 

were drained after rainfall. Authors did not discuss the reasons for negative Kc, but, they 

noted that it can be avoided by increasing the time step for estimating ETc to two or more 

periods (each water balance period in their study was 10 days). Steele et al. (1996) also 

found that Kc should be referenced to the middle of a time step (∆t) for periods longer 

than daily such as weekly, bi-weekly or monthly periods. They noted that referencing Kc 

to the beginning or end of the growing period can alter the shape, amplitude and position 

of the crop curve significantly, thereby, reducing its accuracy. 

Haman et al. (1997) used drainage type lysimeters to study ET and develop Kc for 

two varieties of young blueberries for Florida. The authors used cylindrical tanks as 

lysimeters (1.6 m diameter and 1.8 m deep) equipped with porous plates to extract 

drainage water. The ETc in their study included Tp and Ea from the surface wetted by the 

irrigation system, but did not include water loss from the grassed alleys. They noted that 

their computed Kc was different from the standard Kc, but it provided information for 

actual crop water use. Although Kc for both the varieties followed the same general trend, 

Kc values for the two varieties were different from each other. Differences in Kc values of 

the two varieties were attributed to the differences in plant development of the two 

varieties. 
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Clark et al. (1996) used drainage lysimeters to compute ETc and develop Kc for 

drip irrigated strawberry in Florida. They used 16 drainage lysimeters 2.4 m × 0.6 m × 

0.6 m equipped with rain shelters for their study. Since drip irrigation applies water 

directly to the root zone, actual crop water use can be different from the seepage 

irrigation system which has high water table and wet row middles. To study differences 

due to high water table and wet row middles, Clark et al. (1996) used two types of plant 

arrangements: the first arrangement estimated ETc only from the plants while the second 

estimated ETc from the plants and the exposed row middles. They reported monthly Kc 

based on modified Penman (PENET) (Burman et al., 1980), modified Blaney-Criddle 

(BCRAD) (Shih et al., 1977) and pan evaporation (PANET) (Doorenboss and Pruitt, 

1977). Their results indicated that for lysimeters with plant and exposed row middles, 

ETc and Kc were higher than those only the plants. They estimated that 25-35% of ETc 

was Ea from exposed row middles. Using linear regression, they observed high r2 for their 

Kc curves (PENET =0.97, PANET = 0.94, BCRAD = 0.94). They recommended that Kc 

developed from their study was useful for irrigation scheduling and developing water 

budgeting procedures for drip irrigated strawberry production in a humid region. 

Simon et al. (1998) conducted a study to develop local Kc for maize in Trinidad. 

They used 2 m × 2 m × 1.2 m drainage lysimeter for three seasons to develop Kc. The 

effects of dry and wet season (temporal variability of climate) on Kc were also discussed. 

They found that Kc during a wet season (Kc =1.13 to 1.41) was greater than during a dry 

season. (Kc = 0.73 to 0.94). They attributed the differences between the wet and dry 

season Kc to lower ETo during the wet season. Mean Kc for maize was found to be greater 
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than the reported values by Doorenboss and Pruitt (1977). Therefore, authors stressed on 

the importance of developing local Kc for accurate irrigation scheduling. 

Sepaskhah and Andam (2001) used drainage lysimeters to estimate Kc for sesame 

for semi arid regions of Iran. They developed Kc based on modified Penman-Monteith 

(Jensen et al., 1990) and FAO-PM, as a function of CGDD and DAT. Authors reported 

that their observed Kc was different from those given by Doorenboss and Pruitt (1977) 

and Allen et al. (1998) for similar crops. In a similar study, Lie et al. (2003) used 

cylindrical drainage lysimeter (diameter = 1 m; depth = 0.8 m) to develop Kc for 

watermelon and honey dew melons in China using ETo from a pan evaporation. Their 

reported Kc for watermelon varied from 0.35-2.43. These values were considerably 

higher than the Kc (0.4-1.0) as reported by Allen et al. (1998). A study by Kang et al. 

(2003) reported Kc for wheat and maize for semi-humid conditions of northwestern 

China. They used three 3 m × 2 m × 2 m drainage lysimeters equipped with rain shelters. 

An average Kc was developed from 10 years of measured data. Although, their Kc 

matched well with the Kc given by Doorenboss and Pruitt (1977) during the initial growth 

period for both the crops, it was higher during the mid and late season. 

Impacts of Agricultural Water Management on Water Quality 

Nitrogen (N) and phosphorus (P) are the essential elements for plant growth 

making application of N and P fertilizer inevitable for crop production. A higher than 

optimum rate of fertilizer and improper water management practices can result in the 

movement of N and P into surface and groundwater bodies. Agriculture is the leading 

source of non point source pollution (NPS) in United States (USEPA, 1997). Water is the 

main driving force and carrier of NPS pollutant (Zamies and Schultz, 2002).  Infiltrating 

water can carry nutrients vertically downward to the groundwater, while runoff can 
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transport the nutrients to the surface water. Therefore, water management is the key to 

minimize movement of nutrients from their point of application into a water body.  

Soils in Florida have a high sand content. These soils due to low water holding 

capacity can lose water very rapidly. Therefore, there is always a risk of N and P fertilizer 

moving out of the root zone. Moreover, rainfall in Florida can easily bring the shallow 

water table to the surface producing runoff, which can contribute to the NPS. Precise 

water management is very important under these conditions. Agricultural water 

management entails proper irrigation scheduling and use of an efficient irrigation system. 

The importance of irrigation scheduling has been discussed previously. This section 

discusses the impacts of irrigation systems on nutrient management. To understand the 

fate of N and P transport in the soil, it is important to develop an understanding of the 

processes which drive their movement in the soil. 

Nitrogen Transport 

N is present in the soil in organic and inorganic forms, with the former as the 

largest pool of N in the soil. While organic N is slow moving, inorganic N especially 

nitrate (NO3) does not adsorb to soil particles and readily moves through the soil (Owen, 

1990). Processes that govern movement of N in soil are: 

Mineralization-immobilization: Mineralization is the conversion of organic N into 

NH4. Immobilization is the opposite of mineralization. These two processes occur 

simultaneously in soils (Shukla, 2000). Net direction of this transformation is dependent 

on the ratio of organic carbon to N (C : N). But due to complexities, estimation of net 

turnover from the mineralization-immobilization process is one of the main challenges 

while computing the N mass balance (Jansson and Pearson, 1982). 
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Nitrification: It is the conversion of NH4 into nitrite (NO2) and its further 

decomposition into nitrate (NO3) (Shukla, 2000). Nitrification is considered important 

since it converts the relatively immobile NH4 into NO3, which is preferred by the plants 

but also has the potential to readily move through the soil into groundwater.  

Denitrification: It is the process of oxidation of NO3 into gaseous N. It is 

considered an important source of N loss in shallow poorly drained soils. Shukla (2000) 

noted that quantification of denitrification is fraught with uncertainties due to the 

difficulties in its measurement and incomplete understanding of the process itself. 

Fixation: The conversion of atmospheric N into organic form by the leguminous 

crop and soil micro-organisms is called N fixation. 

Volatilization: It is the conversion of fertilizer NH4 into gaseous ammonia (NH3). 

Application of fertilizer under the plastic mulch reduces volatilization losses. 

The vegetables are traditionally irrigated under seepage irrigation in Florida. One of 

the major disadvantages of the seepage system is the pre-plant application of fertilizer in 

the plant beds. Fertilizer N present in the bed is susceptible to the fluctuation of shallow 

water table due to irrigation and rainfall. Once moved away from the root zone, it will 

eventually move into the surface or groundwater. Moreover, transportation of N away 

from the root zone can limit its availability to the plants. Low supply of N in soil affects 

plant growth, adversely affecting the yield (Syvertsen and Smith, 1996).  

Alternatively to the seepage system, the drip system has the ability of split applying 

the fertilizer on an as needed basis through fertigation. Split applications of fertilizer have 

been found an effective technique to reduce leaching losses and boost crop production. 

Singh and Sekhon (1976) observed lower nitrate leaching with split application of 
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fertilizer. Pier and Doerge (1995) studied the N and water interactions of sub-surface 

trickle irrigation system for watermelon production as an alternate to the furrow irrigation 

system commonly used in Arizona. They observed a positive water and N interaction 

with a higher yield from trickle irrigated fields as compared to the conventional furrow 

irrigated watermelons. 

Watts and Martin (1981) used a field calibrated model to estimate the impacts of 

management practices on loss of NO3 from the root zone. They observed reduced NO3 

leaching losses for plots with fertilizer application with irrigation water as compared to 

those with pre-plant application. They found that rainfall increased NO3 leaching loss. 

These losses were minimal from plots using injected fertilizer compared to plots with 

pre-plant fertilizer. The investigators reported that under normal seasonal rainfall of 317 

mm, 30-35 kg/ha of NO3 loss will occur when 168 kg/ha of N is applied. A study by 

Phene et al. (1979) reported that fertigation increased the fertilization use efficiency of 

potato by 200% compared to that under conventional application methods.  

The use of drip irrigation as compared to the seepage system provides a viable 

option of minimizing N transport (especially NO3) from the root zone into groundwater. 

However, no study has been conducted to compare the impact of drip and seepage 

irrigation systems on the movement of N for vegetable production on sandy soils in 

Florida. 

Phosphorus Transport 

Although P is a macro nutrient for plants, it is a major concern for eutrophication. 

Compared to N, P is very slow moving and often stays in the soil for many years before 

being utilized. P losses from an agricultural field are typically below 1 kg P ha-1 yr-1 

(Heckrath et al., 1995). While these losses are low with respect to the total P applied as 
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fertilizer, they can have extensive environmental impacts. To understand the transport of 

P, it is important to understand the forms of P in soil and processes involved in P 

transport through the soil.  

P is present in soil in soluble, labile and fixed form (Larsen, 1967). The fixed P 

pool can constitute up to 80% of the total P present in the soil (Schachtman et al., 1998). 

It contains insoluble inorganic phosphate compounds and organic compounds resistant to 

mineralization. P mineralization converts organic P into inorganic forms. The fixed P is 

highly immobile and unavailable to the plants. Soluble P, the smallest pool of P in the 

soil, is the plant available form. It is continuously replenished by the labile P pool. The 

labile P is the solid form of P which is readily released into soil solution acting as the 

buffer pool for soluble P (Bushman et al., 1998). Soluble P can be in both inorganic and 

organic forms. The organic P, mostly considered as immobile, is derived from the plant 

residue and excreta of above and below ground organism (Haygarth and Jarvis, 1997). 

Fertilizer and weathering supply the inorganic P in the soil. The inorganic P is easily 

released into solution and is primarily considered labile (Zaimes and Schultz, 2002).  

P in soil moves through dissolution processes such as mineralization, adsorption–

desorption, solubilization of P from saturated soils, and leaching (Haygarth and Sharpley, 

2000). P can also move through physical mechanisms such as soil erosion, displacement 

and entrapment of soil colloid (Haygarth and Sharpley, 2000). Compared to the 

dissolution process, the physical processes of P transport are considered macro scale 

processes (Haygarth and Jarvis, 1997). Different hydrologic processes govern the 

movement of P in soil. Haygarth and Sharpley (2000) characterized the following 

pathways through which P is transported in soil.  
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1. Matrix flow: Vertically downward movement of water through the macro and 
micro pores. 

2. Preferential flow:  Vertically downward movement through the cracks, worm holes 
and borrows in the soil.  

3. Overland flow: Movement of water over the soil during rainfall events 

4. Interflow: Lateral flow of water due to the slope of agricultural land 

5. Drainage: Artificial removal of water to avoid logging conditions.  

The hydrologic processes discussed above depend upon water management 

techniques. The overland flow or runoff is the most important pathway for P in 

agricultural land (Sharpley et al., 1993). Matrix flow and preferential flow are more 

important in soil with high clay content. P losses through drainage and interflow are 

lower than those through overland flow (Zaimes and Schultz, 2002). However, Sharpley 

et al. (1994) reported that sandy spodosols can lose significant P through interflow.  

Controlled movement of water can minimize transport of P through the soil. Due to 

water table fluctuations in seepage irrigation, there is greater possibility of migration of P 

out from the root zone. Moreover, due to higher antecedent soil moisture in the non-

cropped areas, the water table can easily move up to the soil surface and produce runoff. 

As discussed earlier, runoff is considered the major transport process for soil P. Drip 

irrigation has less water table fluctuations. While different studies have been conducted 

to quantify the P transport from agricultural land, there is a need to study the movement 

of P under different irrigation regimes. Moreover, no study has been conducted to 

compare the effect of cyclic top down movement of water under the drip system with 

drying and rewetting process under seepage irrigation, on P transport through sandy soils 

in Florida. 
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Tools for Quantifying Nutrient Transport 

Various field studies have been conducted to study the movement of N and P, but 

these studies have their limitations. Due to the interaction between a research field and its 

adjoining fields, there is lack of definite boundary conditions. This introduces uncertainty 

in results from field scale studies. High water table conditions such as those in south 

Florida are a serious limitation for conducting field study. A lysimeter provides an 

alternate and effective tool to study the movement of chemicals through the soil profile 

(Martin et al., 1994). A lysimeter provides definite boundary conditions with absolutely 

no interaction with the outside soil. Such systems could be used as a model to understand 

the complex processes in the soil and consequently be used to develop better nutrient 

management practices for the actual field conditions. Prunty and Montgomery (1991) 

termed lysimetery as the most sophisticated and precise method to study the movement of 

chemicals from the root zone to the groundwater. 

One of the major concerns in lysimeter studies is due to the rebuilding of soil 

profile to closely approximate the actual conditions. Inability to do so introduces bias in 

the results and its transferability to model actual field conditions. Martin et al. (1994) 

identified two common methods of rebuilding lysimeter soil profile. 

1. Using disturbed soil: It involves filling the lysimeters layer by layer with disturbed 
soil. It requires the soil to be removed in layers from the ground and then put back 
in layers inside the lysimeters. 

2. Using un-disturbed soil: It involves digging up the whole soil profile as a monolith 
block from the ground and placing it inside the lysimeter without affecting the 
structure of the soil profile. 

The latter method provides the best representation of actual conditions, but it is 

labor intensive and costly. The first method is simpler and less costly, but can introduce 

bias in the results due to disturbing of natural soil. However, Martin et al. (1994) noted 
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that such errors from using disturbed soil were more pronounced in aggregated and 

stratified soils and less in soils containing a high sand content. Prunty and Montgomery 

(1991) employed the use of reconstructed sandy soils in four drainage lysimeters 2.4 m × 

2.4 m × 2.3 m, to study the effect of N fertilizer on the quality of recharge water. They 

found their results agreeable to the results from Coshocton lysimeter study (Owen, 1990), 

which used un-disturbed soil.  

While some lysimeters were buried below the ground surface to allow for tillage 

operations (Martin et al., 1994), Klocke et al. (1993) used lysimeters whose walls 

extended above the soil surface. Klocke et al. (1993) discussed design and performance 

of percolation lysimeters for water quality sampling. They used steel pipes of 0.90 m 

diameter and 2.4 m deep, as drainage lysimeters. Since native soil in the area of study in 

Nebraska was silt loam, they used an un-disturbed method of rebuilding the soil profile. 

Using soil water extractors to remove water from the soil, they used a reservoir at the 

bottom of the soil monolith to collect the leachate samples. The authors found that high 

rainfall caused significant variations in the leachate among the lysimeters. 

Martin et al. (1994) used two drainage lysimeters of 1.52 m × 1.22 m × 1.83 m to 

study the effect of reduced N application compared to conventional grower standard on 

the nitrate leaching under maize production. They observed more than 50% reduction in 

nitrate leaching from the reduced N application than the grower’s application rate. They 

concluded that drainage lysimeters can offer an effective tool to evaluate N management 

strategies for a field condition. 

In summary, literature review presented in this chapter indicated the need to:  

1. Develop local Kc for watermelon and bell pepper to better schedule irrigation. 
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2. Quantify the impacts of agricultural water management on water use and water 
quality of vegetable production in Florida. 

 



CHAPTER 3 
CROP COEFFICIENTS AND CROP EVAPOTRANSPIRATION FOR 

WATERMELON AND BELL PEPPER UNDER DRIP AND SEEPAGE IRRIGATION 

Introduction 

Seventy percent of 1,370 mm annual rainfall (Fernald and Patton, 1984) in Florida 

is received during the summer, which is the non-cropping season in the southern part of 

the state. Therefore, agriculture in the state has to rely upon irrigation to meet the crop 

water demands. Proper scheduling of irrigation is not only vital for a good crop 

production but also helps in saving water by applying only the required amount. One of 

the most reliable methods of irrigation scheduling is based on soil water status and water 

budget, also called evapotranspiration (ET)-based irrigation scheduling. Success of ET-

based method is dependent on the accurate prediction of crop evapotranspiration (ETc). 

ETc is calculated using reference evapotranspiration (ETo) and crop coefficient (Kc).  

The use of a representative Kc is vital for the correct estimation of ETc. A 

comprehensive list of Kc, for most of the commercial crops, has been provided by 

Doorenboss and Pruitt (1977) and Allen et al. (1998). But Kc may vary based on local 

factors such as climate, soil, and irrigation methods (Kang et al., 2003). Due to the 

influence of local factors on Kc, studies have reported differences between published and 

locally developed Kc for maize (Simon et al., 1998), sorghum (Tyagi et al., 2000), potato 

(Kashyap and Panda, 2001), and wheat (Kang et al., 2003). Due to such variations, Jones 

et al. (1984) recommend the use of locally developed Kc. Local Kc for Florida has been 
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developed for tomato, strawberry (Clark et al., 1996) and blueberries (Haman et al., 

1997), however, local Kc for bell pepper and watermelon are not available. 

While ETc is an estimate of crop water requirement, the amount of irrigation 

applied in a field is dependent upon the effectiveness of the irrigation system. Seepage 

irrigation system, despite its low efficiency, is used on majority of vegetable farms in 

southwest Florida. The reasons for its continued use are low cost, ease of operation, and 

maintenance. To boost water conservation, vegetable industry in Florida is being 

encouraged to adopt more efficient micro irrigation systems such as the drip system. 

Contrary to the seepage system, the drip system can apply water conservatively 

with efficiency as high as 85% (Simonne et al., 2003). Use of the drip system can lead to 

significant reduction in water applied for vegetable production compared to the seepage 

system (Csizinszky, 1980). Comparing drip and seepage system, Pitts and Clark (1991) 

reported a significant reduction in the water use of tomato using the former, without 

affecting yield and fruit quality. Although studies have shown that drip system is 

comparatively more efficient than the seepage system, it is used by only 25% of the 

growers in Florida (Smajstrla and Haman, 1997). Lack of studies validating the 

effectiveness of the drip system over the seepage system for different crops in Florida is 

one of the main reasons which limit the adoption of drip system. To encourage the 

adoption of the drip system in Florida, more studies are needed, covering a variety of 

locally grown crops. 

The specific objectives of this section of the study were: 

1. Quantify and compare ETc for bell pepper and watermelon grown under drip and 
seepage irrigation systems. 

2. Development of crop coefficient (Kc) for bell pepper and watermelon grown in 
Florida.  
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Material and Methods 

Study Location 

This study was conducted at the Southwest Florida Research and Education Center 

(SWFREC) located in Immokalee, which is in Collier County, Florida. Collier County is 

one of the five counties together known as southwest Florida (Figure 3-1). The average 

maximum and minimum temperatures for the region are 29 oC and 17 oC, respectively. 

Southwest Florida receives an annual rainfall nearly of 1,370 mm. Soils in the area are 

typically poorly drained, hydric and highly sandy in characteristics. These soils, also 

known as flatwood soils, have a subsurface spodic horizon which acts as a hard pan to 

maintain a high water table. Seasonal high water table varies from 15 cm to 45 cm. 

 
Figure 3-1. Study location. 

Experimental Design 

A set of six drainage lysimeters were used to quantify the ETc and develop Kc for 

bell pepper and watermelon. To compare the drip and seepage irrigation systems, four of 

the six lysimeters were irrigated with drip system (designated as D1, D2, D3 and D4) 

while the remaining two were kept under seepage irrigation system (S1 and S2). A lower 

number of seepage lysimeters than drip lysimeters was employed due to cost 

considerations. Vegetables in southwest Florida are grown on raised, pressed soil beds 
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covered with plastic mulch (Clark et al., 1996) with fixed row-to-row (r-r) and plant-to-

plant (p-p) spacing. The r-r and p-p spacings were important factors in designing the size 

of the lysimeters. To emulate the actual crop management practices, a survey of 

vegetable production farms was carried out in June-July 2002.  

Survey of crop production practices 

A vegetable production survey covering six large vegetable producers in southwest 

Florida revealed considerable variability in crop production practices. Typical crop 

rotation in southwest Florida includes tomato or pepper grown in the fall season followed 

by watermelon, eggplant or tomato during the spring season. While most of the surveyed 

growers were using seepage irrigation systems, some were using a combination of drip 

and seepage irrigation. However, even in the latter case seepage irrigation was used as the 

primary irrigation method. The survey showed that watermelon had the largest r-r 

spacing among all vegetable crops. The r-r spacing for watermelon varied from 1.8 m to 

2.75 m. Since watermelon was one of the two crops to be studied, it was considered as 

the basis of lysimeter design. Survey further revealed considerable variability in field 

layouts and other production practices including fertilizer application rates, pesticide use 

and plant density. Production practices data (e.g. plant density, area) from survey and 

University of Florida/Institute of Food and Agricultural Sciences (UF/IFAS) 

recommendation for watermelon (Maynard et al., 2001) were considered as the basis for 

determining the size of the lysimeters.  

Lysimeter design  

The drainage lysimeters designed for this study were 4.87 m × 3.65 m × 1.37 m 

(Figure 3-2). The lysimeter was designed to emulate a snapshot of actual field conditions. 

Each lysimeter had two plant rows (length = 3.65 m) and a seepage ditch in the center. 
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This ditch was provided for irrigation in the seepage lysimeters. The ditch was also 

constructed in the drip lysimeters for wetting the soil during bed making. With typical 

spacing, each lysimeter accommodated six watermelon plants (p-p = 1.2 m; 3 plants/bed) 

(Figure 3-2) or 40 pepper plants (p-p = 30 cm, 20 plant/bed; 2 plant row/bed). 

 
Figure 3-2. Lysimeter layout for the watermelon crop. 

The dimensions of the lysimeters were designed to: 1) ensure survival of at least 

three watermelon plant assuming 50% failure due to incidences of disease; 2) capture a 

snapshot of typical layout of watermelon fields, and therefore, simulate field conditions 

especially the soil evaporation component; and 3) obtain realistic water use and water 

quality data.  

Field design 

Advection effect has been found to be critical in lysimeter studies in arid regions 

(Aboukhaled et al., 1982). To minimize advection effect, it is necessary for a lysimeter to 

be surrounded by a vegetation same as that in the lysimeter, creating a buffer area. A 

buffer area of 400 times the area of lysimeter was found acceptable for arid climates 
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(Aboukhaled, 1982). However, smaller buffer areas (e.g. 5 m; Fougerouge, 1966) were 

acceptable under humid and semi-humid conditions (Thornthwaite and Mather, 1955). 

To minimize advection effect due to vegetation differences, the field layout (bed 

height, r-r and p-p spacings) was kept similar to that of the lysimeter. The 0.7 ha 

experimental field area created a buffer area of 378 times the area of the lysimeters 

around them. Field was divided into eight blocks of crop rows. Each block had four beds 

(Figure 3-3). The lysimeters were oriented such that the beds were parallel to its 3.65 m 

side. Placement of a lysimeter was such that the crop row inside the lysimeter aligned 

with the crop row on the outside, making continuous crop row. The lysimeters were 

installed in two groups: for the drip and the seepage system. A group of four lysimeters 

under the drip system (D1, D2, D3 and D4), was installed in the third block from the 

north end of the field. The two seepage lysimeters (S1 and S2) were installed in the sixth 

block from the north end of the field. The lysimeters were spaced at 2.5 m from each 

other to allow for the installation of instrumentation (Figure 3-3). 
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Figure 3-3. Experimental field layout. 
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Lysimeter Construction and Installation  

 
Figure 3-4. Construction details of the lysimeter. 

Low carbon steel sheet (thickness = 3.175 mm) was used to construct the 

lysimeters. Gas Metal Arc Welding (GMAW) was used for welding together the steel 

sheets. An angle iron frame, made of 5.08 cm × 5.08 cm × 0.64 cm mild-steel angle iron 

bars, was constructed to support the walls of the lysimeter. Steel sheets were welded to 

the angle iron frame to form the four sides and bottom of the lysimeter. Three additional 

vertical angle iron bars, spaced at 1.21 m, were used to support the 4.87 m side wall of 

lysimeter (Figure 3-4). Two vertical bars were used to support the 3.65 m wall. One 

horizontal bar (0.30 m from the top) was welded on the inside wall of lysimeter. These 

support bars were used to avoid bending or bowing of lysimeter walls. A screened pipe 

was welded to the bottom of the lysimeter for drainage. The pipe extended out of the 

lysimeter through the bottom sheet. To prevent rusting, lysimeters were painted with two 

coats of multi purpose epoxy paint followed by two coats of anti corrosive black stone 

guard paint. The bottom of the lysimeter was provided extra protection from rust by 

painting it with two additional coats of elastomeric cold-tar free paint. After the paint 
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dried, each lysimeter was tested for leaks by filling them with water. Minor leaks 

observed during testing were sealed by GMAW followed by painting.  

The installation of the lysimeters was started in the first week of January 2003 and 

was completed in 45 days. Two large soil pits (each 1.37 m deep) were excavated in the 

experimental field, one for each set of drip and seepage lysimeters (Figure 3-5).  A 

backhoe loader was used to remove soil in 15 cm increments. The excavated soil for A 

and E horizons was stored separately at two different locations to avoid mixing.  

 
Figure 3-5. Lysimeters inside the soil pit during installation. 

A 7.5 cm thick gravel layer was placed in the pit to provide a stable foundation for 

the lysimeters. Cement blocks (20 cm × 30 cm × 10 cm) were placed on the gravel layer 

under each lysimeter leg (four legs on 4.87 m sides; three on 3.65 m sides) (Figure 3-4). 

These blocks served as the platform for the lysimeters distributing the point load. Laser 

level was used to ensure that all cement blocks were at the same elevation. However, in 

some cases the top elevation of a lysimeter was found to be different than the design due 

to settling of the soil and/or movement of the cement blocks. In such instances, the gravel 

layer beneath the lysimeter was removed or added to ensure the design elevations. Water 

was filled in each lysimeter to hold them in place to avoid floating, due to high water 

table conditions. A wooden frame 5.5 m × 4.3 m was constructed around each lysimeter 
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base using wooden boards (25 cm × 5 cm). Flowable cement fill was poured in the 

wooden frame to fill the open air area between the lysimeter bottom and the gravel layer. 

The cement foundation provided a solid base for the lysimeter. Two weeks were allowed 

to ensure proper hardening of the cement. 

The next step was to rebuild the soil profile in and around the lysimeters. Native 

soil at the research site, Immokalee fine sand, was used for this purpose. Soil 

characterization of the native soil in the research field was undertaken prior to the 

beginning of installation process, which included measuring the depth and bulk density 

for each soil horizon. The soil horizons observed at the experimental field were typical of 

the Immokalee fine sand soil: two horizons, A and E. The thickness of the A horizon was 

0.30 m while the E horizon was 0.71 m. Bulk density samples for both horizons were also 

taken at different locations in the experimental field. 

In the process of rebuilding the soil profile inside the lysimeters, firstly a 20 cm 

thick layer of coarse sand was placed at the bottom of each lysimeter around the drainage 

pipe. The layer of coarse sand in the lysimeters served the purpose of trapping sand 

particles and facilitating drainage (Xu et al., 1998). Since the pipe at the bottom was the 

only mechanism for drainage in lysimeters, extra protection from clogging was provided 

through a geo-textile sheet made from woven fabrics of monofilament polypropylene 

yarn (average mesh size of 0.21 mm) and placed on top of the coarse sand layer.  

The next step was to rebuild the soil profile inside the lysimeter similar to that in 

the field. This process was carried in increments of 15 cm with light compaction (Figure 

3-6). The E horizon (0.71 m) was rebuilt first by placing it on top of the filter cloth. To 

bring the bulk density of lysimeter soil similar to that found under natural conditions 
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lysimeter soil was saturated and then drained. Lysimeter soil was allowed to dry for two 

days after draining. Process was repeated until the desirable bulk density was achieved. 

The process was repeated for rebuilding the A horizon (topsoil). Soil in the pit around the 

lysimeter was also reconstructed at the same time using the similar procedure. 

 
Figure 3-6. Soil profile inside the lysimeter. 

Since the bed construction and the plastic mulch installation equipment were tractor 

mounted, they could not be used inside the lysimeter. Therefore, plastic mulched beds 

inside the lysimeters were constructed manually using a wooden mould 1.82 m × 0.81 m 

× 0.22 m. This mould was accurately positioned in the lysimeter and filled with soil in 

increments of 5.0 cm with light compaction. The bed was then covered tightly with the 

plastic in a manner similar to that achieved by the tractor mounted equipment. 

Monitoring System 

Water inputs, outputs (excluding ETc), and storage components (∆S) were 

measured to compute the water balance. The governing water balance equation for a 

drainage lysimeter (Chow, 1964) can be described as: 

SOutflowInflow ∆=−  Equation 3-1 

Rainfall (R) and irrigation (I) are the inflow to a lysimeter while drainage (D), 

runoff (RO) and crop evapotranspiration (ETc) are outflows. Change in storage is 
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accounted by the change in soil water storage (SWS) in the entire lysimeter for a given 

time period. Equation 3-1 can be expanded to estimate the ETc as shown in equation 3-2. 

SWSRODIRETc ∆±−−+=  Equation 3-1 

Irrigation 

Separate irrigation systems were installed for drip and seepage irrigation in the 

field and the lysimeters. Drip and seepage irrigation systems for the lysimeters were 

designed to measure irrigation volumes for individual lysimeters. Both systems were 

subdivided into separate drip and seepage distribution line for each lysimeter. A flow 

meter was installed on each distribution lines. Irrigation in each distribution line was 

controlled using a hydraulic actuator switch installed at the main pump station. Irrigation 

scheduling of lysimeters was based on the soil moisture in the root zone. 

It is important to maintain optimum soil moisture for quantifying ETc and Kc. Less 

than optimum soil moisture can stress the plants and reduce the ETc, while over 

application can cause an increase in ETc, thereby affecting Kc (Allen et al., 1998). To 

avoid over application or water stress conditions, irrigation scheduling in all lysimeters 

was based on soil moisture at 0-10 cm of the plastic mulched bed. Studies have shown 

that for the purpose of scheduling irrigation, soil moisture should be maintained above 

33% of plant available water (PAW) to achieve optimum plant growth (Fares and Alva; 

Obreza et al., 1997). The PAW is calculated as the difference between the field capacity 

(FC) and the permanent wilting point (WP) (Fares and Alva, 2000a). However, studies 

have reported variability in the measured FC and WP for the sandy soils at different 

locations in Florida, e.g. FC and WP for Candler fine sand was reported as 9% and 1.5% 

by Fares and Alva (2000a), while Obreza et al. (1997) reported the same as 8.0% and 
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5.0%. The FC and WP for the native soil (sandy flatwood soil) was reported by Obreza et 

al. (1997) as 8.7% and 3.5%, respectively. For irrigation scheduling purposes, FC and 

WP for flatwood soils as reported by Obreza et al. (1997) were used in this study. Due to 

the variability in FC and WP in the reported data, irrigation scheduling was targeted to 

keep the soil moisture above 8% in 0-10 cm of the plastic mulched bed. 

Drainage and runoff 

The lysimeters were designed to capture drainage from the bottom of the 

lysimeters. Drainage was facilitated by designing the shape of the lysimeter bottom 

similar to a funnel (Figure 3-7). The sloped bottom was to ensure that the leachate from 

the bedded as well as non-bedded areas was well mixed before moving to the drainage 

pipe at the bottom. The drainage pipe was welded to a solid steel pipe which extended 

outside the lysimeter. The solid pipe was attached via coupling to a marine grade PVC 

hose. The PVC hose was connected to the bottom of a drainage sump installed adjacent to 

the lysimeter (Figure 3-8). The drainage sump was made of hard PVC pipe (diameter = 

20 cm). The bottom of the sump was located at the same elevation as the drainage pipe. 

Water was drained out from the sump by using a pump housed in an instrument box 

located next to the lysimeter (Figure 3-8). 

To capture runoff, walls of the lysimeter extended 16 cm above the ground surface. 

Runoff was collected in two runoff catchments (0.46 m × 0.46 m × 0.46 m) welded to the 

lysimeter walls (Figure 3-4). These catchments had adjustable gates which were set to the 

elevation of soil surface inside the lysimeter. Runoff from these tanks was routed to a 

sump similar to that used for drainage (Figure 3-8). Water was removed from the sump 

using a separate pump dedicated to runoff, which was housed alongside the drainage 

pump in the instrument box. The DC pumps were powered by a 12 V battery, charged 
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onsite using solar panels, installed on top of the instrument box. Drainage and runoff 

were measured using separate flow meters housed in the instrument box. 

 
Figure 3-7. Schematic of the funnel shaped bottom of the lysimeter. 

The discharge (drainage and runoff) from the lysimeter needed to be stored onsite 

for water quality sampling. A 10-year rainfall event (200 mm) was considered to design 

for storage of discharge. Assuming that water table was at 45 cm from the top of the bed 

at the time of rainfall (bed height = 20 cm), 25 cm of vertical storage space was left in the 

soil. If the rainfall occurred soon after an irrigation event with soil moisture at near field 

capacity (9%), the available storage was 20 mm/10 cm (assuming saturation at 29%). 

With 25 cm of storage space, only 50 mm of rainfall could be stored from the rainfall (if 

water table was allowed to rise up to the level of the ground surface). The 150 mm of 

extra water added by rainfall needed to be discharged. Assuming that 30% of the extra 

volume of water will contribute to runoff, a 10-year rainfall event will result in nearly 

900 liters (l) of runoff and 2100 l of drainage. 

 



42 

 

Figure 3-8. Elevation diagram of the lysimeter. 

Large tanks to store the entire drainage and runoff volume could not be installed 

due to cost and labor considerations. Therefore, to address the large discharge volume, 

lack of available space and resources to install large tanks for storage, a water distribution 

instrument, termed here onwards as the water-splitter, was designed and fabricated 

(Figure 3-9). The water-splitter was designed to split the incoming drainage/runoff from 

the lysimeters into 10 equal parts. While 1/10 of the volume was stored for sampling, the 

larger part of discharge was discarded. Stored volume represented a composite sample for 

the entire discharge volume for water quality comparison. The use of a water-splitter 

reduced the volume of discharge to be stored by 90% of the total volume. It allowed the 

use of a smaller capacity (210 l) tank to store the lysimeter discharge (Figure 3-10). 

Splitting of the incoming flow into 10 equal parts was achieved through a cone 

with a 10.40 cm disc at the base (Figure 3-9). The cone and disc of the water-splitter were 

built as one unit, made from a single piece of solid Teflon cylinder. Ten openings of same 

diameter (2.1 mm) were drilled in the Teflon disc equidistant from each other (Figure 3-

9). The disc was mounted inside an enclosure made from PVC casing (height = 30.48 cm, 

outer diameter = 11.68 cm).  The PVC casing was closed at both ends using circular 

aluminum caps. Four threaded rods were drilled through the aluminum caps to act as the 

 



43 

supporting frame for the PVC casing. Each of these rods had a fly nut attached at the top 

(Figure 3-9). These four fly nuts also served the purpose of leveling the water-splitters in 

the field to ensure equal splitting of the incoming volume. Both water-splitters (one each 

for drainage and runoff) were mounted on a wooden pole and installed between the 

storage tanks. Pumped outflow from sumps fell directly on top of the cone and was 

distributed into 10 parts by the openings in the disc. One of the openings on the disc was 

connected to the 210 l PVC tank through a pipe. Flow from rest of the nine openings was 

routed out of the splitter and discharged away from the lysimeter using a buried drainage 

pipe. Each splitter was tested in the laboratory prior to field use. 

 
Figure 3-9. Schematic of the water-splitter. 

Soil moisture and water table 

Accurate estimation of change in storage (∆S in Equation 3-1) is critical for a 

lysimeter study. Weighing lysimeters account for this change by directly measuring the 

change in weight of the lysimeter itself. In a drainage lysimeter, the change in SWS 
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accounts for the change in storage. Several methods such as neutron probes (Haman et 

al., 1997), gypsum block (Simon et al., 1998) and tensiometers (Clark et al., 1996) have 

been used to measure the SWS in drainage lysimeters. However, lack of accuracy of 

these devices can introduce uncertainty in the estimation of SWS (Steele et al, 1996). 

Capacitance based devices can provide accurate estimation of volumetric soil moisture 

(Fares and Alva, 2000b). Moreover, these devices are insensitive to the changes in 

fertilizer salt concentration in the soil (Fares and Alva, 2000b). Diviner, a portable 

capacitance based soil moisture sensor (Sentek PTY Ltd., South Australia) was used for 

measuring the daily soil moisture in the lysimeters. The soil moisture in a lysimeter was 

measured at two locations: bedded and non-bedded areas (Figure 3-10). Soil moisture 

measurements using the Diviner, taken at 10 cm increment, were used to schedule 

irrigation in the lysimeters. 

 
Figure 3-10. Instrumentation for the lysimeter. 
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A water table monitoring well was installed and fitted with a pressure transducer 

know as the Levelogger (Solinst, 2002) in each of the lysimeters (Figure 3-10) to collect 

water table data. Weekly water table data were also collected manually as backup. 

Weather parameters 

Weather data including rainfall, air temperature (at 2 m), wind speed (at 10 m), 

relative humidity and solar radiation were collected at the UF/IFAS Florida Automated 

Weather Network (FAWN) weather station located at SWFREC, Immokalee. This 

weather station was located 50 m north of experimental field (Figure 3-11). FAWN 

weather data (http://fawn.ifas.ufl.edu) were used to estimate ETo in this study. 

Fertilizer management 

The N-P-K fertilization for the lysimeters was based on UF/IFAS fertilizer 

recommendations (Maynard et al., 2001). All six lysimeters received the same amount of 

fertilizer. However, time of application of fertilizer was different for drip and seepage 

lysimeters. All the fertilizer in seepage lysimeters was applied in the bed before planting. 

Fertilization of drip lysimeters included application of 25% of total fertilizer requirement 

as pre-plant in the bed. Remaining fertilizer in these lysimeters was applied through 

weekly fertigation. Fertilizer rate and application schedule for the rest of the field was 

kept the same as that of drip lysimeters.  

Crop yield 

Yield data were collected from the lysimeters as well as the outside field for each 

season. To compare the lysimeter yield with rest of the field, six check plots were 

established (Figure 3-3). Each check plot had the same number of plants as any lysimeter. 

Harvesting in the lysimeters and the rest of the field was done at the same time. Only 
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fruits of marketable quality were harvested to compute the yield. Yield data collection 

included fruit count and weight. 

Crop Production Practices 

Watermelon 

The spring 2003 watermelon crop was transplanted on 03/10/2003. N-P-K fertilizer 

was added at 168-112-168 kg/ha in the lysimeter and the field. First transplants showed 

symptoms of a fungal disease caused by Pythium spp. As a result, the lysimeters were 

replanted. However, successive transplanting failed within one week of transplanting. 

Fifth transplants drenched in recommended preventive chemical Rodomil Gold 4 EC 

(Maynard et al., 2001) survived till the 6th week after transplantation. The crop became 

infected with Fusarium wilt caused by Fusarium oxysporum during the 6th week and 

damaged the entire crop by the 8th week. Crop failure did not allow for a full season of 

data to be collected. Due to lack of full season of data, Kc for spring 2003 was not 

developed.  

To avoid the occurrence of fungal disease in the spring 2004 season, preventive 

fumigant (K-pam HL, application rate = 250 l/ha) was applied in the lysimeters prior to 

planting. The rest of the experimental field was fumigated with Telone, which was added 

to soil at the time of bed preparation. Watermelon was planted on 02/24/2004 in spring 

2004. The crop showed signs of disease in some parts of the field during the 2nd week 

after planting. To avoid spreading of the disease, watermelon was replanted on 

03/08/2004. N-P-K fertilizer was applied at 168-0-168 kg/ha during the spring 2004. The 

crop showed signs of a disease known as “vine decline” during the 11th week after 

transplanting. Spread of the disease in the research field ended the crop season after 81 
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days after transplanting (DAT). The season was limited to two harvests on 5/25/2004 and 

05/28/2004 

Pepper 

Prior to planting in the fall 2003, lysimeters and the surrounding experimental field 

were fumigated with K-pam HL and Telone respectively. Pepper was planted on 

09/10/2004. N-P-K fertilizer was applied at 224-168-224 kg/ha. Crop was harvested three 

times during the season on 11/07/2003, 12/01/2003 and 12/19/2003.  

 
Figure 3-11. Research field during pepper season (fall 2003). 

Computation of Rreference Evapotranspiration   

For the purpose of developing Kc curves, two different ETo methods were used: 

FAO Penman-Monteith method (FAO-PM) and FAO-modified Blaney-Criddle method 

(FAO-BC). 

FAO-Penman-Monteith method 

The FAO-PM (Allen et al., 1998) is the standard method of ETo estimation. Allen 

et al. (1998) described the methodology of estimating ETo using FAO-PM (equation 3-3). 
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where Rn is the net radiation at the crop surface [MJ m-2 day-1], 

G is the soil heat flux density [MJ m-2 day-1], 
T is the mean daily air temperature at 2 m height [°C], 
u2 is the wind speed at 2 m height [m s-1], 
es is the saturation vapor pressure [kPa], 
ea is the actual vapor pressure [kPa], 
es-ea is the saturation vapor pressure deficit [kPa], 
∆ is the slope vapor pressure curve [kPa °C-1], 
γ is the psychometric constant [kPa °C-1]. 
 

FAO- Modified Blaney-Criddle method 

Blaney-Criddle method is commonly used by water management districts in 

Florida for the purpose of water allocations. FAO-BC (Doorenboss and Pruitt, 1977) was 

used in this study (Doorenboss and Pruitt, 1977) Jensen et al. (1990) have observed that 

FAO-BC provided better estimates than the previous versions of the original Blaney-

Criddle method. FAO-BC method estimates ETo as shown in equation 3-4 to 3-7. 

bfaETo +=  Equation 3-4 
41.1)(0043.0 min −−= NnRHa  Equation 3-5 

)1060.0())/(1060.0()066.0)/(07.1()1041.0(82.0 min
3

min
2

min
2

dd URHNnRHUNnRHb −−− ×−×−++×−=   
 Equation 3-6 

)13.846.0( += Tpf  Equation 3-7 
 
where RHmin is the minimum relative humidity [%] 

n is the actual daily sunshine hours [h] 
N is the maximum possible daily sunshine hours [h] 
P is monthly percentage of daytime hours 
T is the mean temperature [°C] 
Ud is the day time wind speed [m s-1] 

Quantification of Crop Evapotranspiration 

Bi-weekly and monthly water balance was computed for each lysimeter using 

equation 3-2. Daily volumes of water inputs and outputs to the lysimeter were totaled to 
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compute the bi-weekly and monthly input and output volumes (expressed in mm). Since 

the daily soil moisture readings (θ) were taken at 2 PM, the start and end time for the 

water balance was 2 PM on the first day and 1:59 PM on the last day of balance, 

respectively. The SWS was computed using daily soil moisture reading (θ) obtained 

using the Diviner. SWS were computed for every 10 cm increment up to depth of 50 cm 

for bedded area and up to a depth of 40 cm for non-bedded area (Equation 3-8). To 

estimate SWS in the bed, bed geometry was divided into three sections (Figure 3-12). 

∑
=

=
2

1 0

Z

Z

StorageWaterSoil θ  Equation 3-8 

Where Z2 = 50 cm (bedded area) 
         40 cm (non-bedded area) 

 
Figure 3-12. Schematic diagram of the bed-geometry. 

Development of Crop Coefficient 

The bi-weekly and monthly Kc were developed for bell pepper and watermelon 

using ETo estimates from FAO-PM and FAO-BC methods. The Kc was calculated using 

equation 3-9 

o

c
c ET

ETK =  Equation 3-9 

To compute Kc based on crop development stage, it is important to establish the 

length of different crop growth stages. Allen et al. (1998) divided the crop cycle into four 
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stages: initial stage (marked with about 10% of plant cover), development stage (marked 

with the growth of plant from 10% to 100% canopy cover), maturity stage (from 100% 

plant cover to fruit maturity) and later stage (from maturity to harvesting). To establish 

the length of crop stages, the following sources from literature were used. According to 

Maynard et al. (2001), in Florida the initial growth stage of bell pepper and watermelon 

extends to about two weeks. The two crops reach maturity in about 60 DAT. Similar 

observation regarding the crop stages of watermelon and bell pepper was also made by 

Allen et al. (1998).  

ETc and Kc were computed for bell pepper and watermelon using fall 2003 and 

spring 2004 season data respectively. Kc for both the crops was developed as a function 

of DAT, by plotting the computed Kc values against the DAT. The Kc was referenced to 

middle of the water balance period (e.g. the 7th day for bi-weekly time step) for the 

purpose of developing a regression equation also known as the “crop curve”. A third 

degree polynomial regression equation was fitted to bi-weekly and monthly Kc (equation 

3-10). Since two irrigation systems were used in the study, separate Kc curves were 

developed for the drip and seepage irrigation systems. The average Kc for the crop was 

calculated by averaging the Kc for the drip and seepage lysimeters. 

3
),(4

2
),(3),(2),(1),( ][][][][][ XCXCXCCK bababababac +++=  Equation 3-10 

Where X is the DAT 
a is the method of irrigation (1 = average; 2 = drip; 3 = seepage) 
b is the method of ETo estimation (1 = ETo-FAOPM; 2 = ETo-FAOBC) 
C1, C2, C3 and C4 are the regression coefficients 
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Result and Discussion 

Bell Pepper 

Post-season analysis of fall 2003 data showed possible leakage in D2. To avoid 

uncertainty in ETc estimates for D2, data from this lysimeter were not included in this 

study. Table A-1 shows the historical weather data and average weather conditions 

during fall 2003. Total rainfall during the season was similar to the historical average. 

Maximum rainfall in the season was during September 2003 (21% higher than the 

historical average for this month). Mean temperatures during fall 2003 (September to 

December) were relatively cooler than historical average temperatures. During the fall 

2003, daily ETo was highest during September. ETo demand decreased from September 

to December. As shown in Table A-1, total ETo estimated by FAO-BC was slightly 

higher than estimates using FAO-PM method. The drip lysimeters produced 22,300 kg/ha 

of marketable yield of pepper which was similar to that from the seepage lysimeters 

(22,700 kg/ha). The average yield from the lysimeters was less than the 31,100 kg/ha 

average yield for Florida during 2002-03 (USDA-NASS, 2004). 

As shown in Table B-1, irrigation was highly dependent on the rainfall distribution. 

Reduction in irrigation in all the lysimeters during 49-62 DAT and 91-100 DAT was due 

to 68.1 mm and 39.6 mm rainfall respectively. Similar irrigation was applied in the three 

drip lysimeters throughout fall 2003. However, the two seepage lysimeters show marked 

difference in irrigation during 77-100 DAT. During this time, the average soil moisture in 

0-10 cm (in plastic mulch bed) in the S1 was about 2.5 mm less than that in the S2. 

Therefore higher irrigation was applied in S1.  

The crop water requirement increased considerably as the crop approached maturity 

(60 DAT). Increased water demand was met with more water being applied in the 

 



52 

seepage lysimeters to maintain optimum soil moisture. Soil moisture in the top 10 cm soil 

(in plastic mulch bed) in drip lysimeters were maintained within the optimum range 

without a considerable increase in irrigation. Overall, drip lysimeters used 31% less 

irrigation compared to the seepage lysimeters. 

Drainage and runoff data were collected on an event basis. The highest drainage 

during fall 2003 occurred during 0-20 DAT as a result of 104.3 mm rainfall. Lysimeters 

also showed considerable drainage during 49-62 DAT in response to a 68.1 mm rainfall 

event. Overall, drainage was similar in both the systems; however, there were differences 

in the drainage from individual lysimeters. Runoff occurred less frequently than drainage 

in the lysimeters because of the nature of flatwood soils. Due to high hydraulic 

conductivity of these soils, most of the rainfall infiltrates into the soil as soon as it falls. 

Runoff occurs only when the water table reaches or is close to the ground surface. Table 

B-1 shows that runoff was produced during 0-20 DAT in response to 104.3 mm rainfall 

event. Runoff during the 49-62 DAT was a result of a series of rainfall events producing 

68.1 mm rainfall. As shown in Table C-1, the rainfall events which produced runoff 

resulted in very high water table conditions in both the systems thereby producing runoff. 

Overall the seepage lysimeters produced slightly higher (14%) runoff volume than the 

drip lysimeters. Higher soil moisture in non-bedded areas in the seepage system (Figure 

3-13) reduced the available SWS in the seepage system resulting in slightly higher runoff 

than the drip system.  

The SWS in the seepage lysimeters remained higher than that in the drip lysimeters 

for most part of the season. However, Figure 3-13 shows that SWS was similar among 

the drip and the seepage replications. Lateral movement of water in seepage lysimeters 
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from the ditch to the bed results in higher wetted area as compared to a small wetted area 

in the drip lysimeters. Furthermore, higher water table in the seepage lysimeters also 

contributed to higher SWS. Figure C-1 shows that the water table in seepage lysimeter 

was higher than that in drip lysimeters for most times during the season. Similar water 

table was observed in the two systems during the times of rainfall. Highest water table 

differences between the two systems were observed during 63-90 DAT (November 10th-

December 10th) during the period of low rainfall. During this time, water table was lower 

than the remaining season in the drip system but the soil moisture in the 0-10 cm was 

maintained in optimum range due to application of water to the root zone.  
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Figure 3-13. Soil water storage in lysimeters during fall 2003. 

Crop Evapotranspiration (ETc) 

As shown in Figure 3-14, there was considerable difference (> 20 mm) between 

actual ET (ETc) and potential ET (ETo-FAO-PM) during the initial stage of crop 
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development. During the initial stage, ETc was primarily due to surface evaporation (Ea), 

while transpiration (Tp) contributed only a small part of the ETc. As the season 

progressed, with increasing Tp, the ETc approached ETo-FAO-PM. Peak ETc was reached 

during 48-62 DAT, when average ETc of bell pepper was equivalent to ETo-FAOPM. 

Timing of the peak ETc was consistent with Maynard et al (2001) and Allen et al (1998), 

who noted crop maturity for bell pepper about 60 DAT. Figure 3-14 showed that seepage 

system always had higher ETc compared to the drip system with the exception of 90-100 

DAT. ETc differences were small during initial stages and increased during later stages. 
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Figure 3-14. Bi-weekly ETc for bell pepper during fall 2003. 

Similar trend of ETc was observed for all the three drip lysimeters (Figure 3-15). 

However, ETc values for D1 were slightly different compared to D3 and D4.  All three 

lysimeters reached peak ETc during 48-62 DAT, followed by decline during 63-76 DAT. 

While peak ETc during 48-62 DAT could be due to the crop reaching 100% plant cover, 

increased Ea losses due to 69 mm rainfall may have amplified ETc (Allen et al., 1998). 

Decline in ETc during 63-76 DAT was likely the effect of rainfall and drainage also 
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reported by Steele et al (1996). During 48-62 DAT, 69 mm rainfall event produced 34.3 

mm drainage from the lysimeters. Figure C-1 shows considerable decline in water table 

due to the drainage in both the systems. 
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Figure 3-15. Bi-weekly ETc for drip irrigated lysimeters for bell pepper (fall 2003). 

Compared to the drip system replications, differences in ETc between the two 

seepage replications were higher (Figure 3-16). Higher differences in seepage 

replications were mainly due to differences in SWS in S1 and S2 (Figure 3-13). Drip 

system had a smaller wetted area compared to the lateral movement of water in seepage 

system resulting in more wetted area, particularly in the non-bedded area. Higher wetted 

area could cause variability in Ea from non-bedded area. Moreover, Figure C-1 shows 

higher fluctuations in water table due to irrigation in the seepage system as compared to 

the drip system. The fluctuations in water table caused further variability in Ea from the 

non-bedded areas in the seepage system. The SWS for each lysimeter were computed 

based on soil moisture measurements at two locations. Due to lesser variations in Ea, 

SWS computed for the drip lysimeters were more representative of the actual SWS than 
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those for the seepage lysimeters. Better representation of SWS in drip lysimeters than in 

seepage lysimeters explains lesser differences between the replications of the former.  
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Figure 3-16. Bi-weekly ETc for seepage lysimeters for bell pepper (fall 2003). 

Comparison between the two systems shows higher ETc demand in the seepage 

system. Higher ETc in seepage system was due to following reason: firstly, Ea losses were 

higher at the time of irrigation in the seepage system, due to open water evaporation from 

the seepage ditch. These losses were minimized in the drip system by using emitters 

covered under plastic mulch. Secondly, higher SWS in non-bedded areas in the seepage 

system, as explained above, caused higher soil Ea losses compared to the losses under 

drip system. Clark et al. (1996) also reported that Ea losses from exposed row middles 

increased ETc. The total ETc for drip and seepage irrigation systems is shown in Table 3-

1. Overall, the drip system showed nearly 20% reduction of ETc compared to the seepage 

system. It should be noted that in actual field conditions these differences will be much 

larger due to increased deep percolation losses from the seepage system. 
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Table 3-1. ETc, ETo and rainfall for bell pepper crop in fall 2003 season. 
ETc  (mm) 

Average Drip Seepage 
ETo-FAO-PM (mm) Rainfall (mm) 

 216.7 200.5 240.8 291.8 226.20 
 
Crop Coefficient (Kc) 

The Kc curve for bell pepper developed in this study (Figure 3-17) followed the 

trend of a classic Kc curve, where Kc is small at the beginning of the season and increases 

as the plant grows until it reaches a maximum value at crop maturity (Allen et al., 1998; 

Simon et al., 1998). The initial Kc during 0-20 DAT (Kc > 0.40) for bell pepper 

developed in this study was higher than those reported in literature. Higher initial Kc is an 

artifact of the production practices in southwest Florida. As stated before, due to higher 

water table at the time of transplanting, Ea losses are higher leading to higher ETc and as 

a result higher Kc. Moreover, rainfall during that time may have further increased the Ea. 

High Kc was obtained during 48-62 DAT followed by a decline during 62-76 DAT 

(Figure 3-17).The fluctuations were likely the effect of rainfall and drainage (Steele et al., 

1996). However, high Kc during 48-62 DAT could be due to crop maturity or increased 

Ea due to rainfall. Allen et al. (1998) reported higher than normal Kc due to increased soil 

Ea if the soil remained wet from rainfall or irrigation. Simon et al (1998) have also 

reported that for maize grown in sandy soils, Kc for the wet season was greater than the 

Kc during dry season. The highest Kc (Kc FAO-PM = 1.18; Kc FAO-BC = 0.97) value for bell 

pepper was computed at the end of crop cycles (90-100 DAT). But it should be noted that 

39.6 mm of rainfall during 90-100 DAT may have caused higher than normal Kc. Highest 

Kc for a crop is expected when it attains maturity, which is around 60 DAT for bell 

pepper in Florida (Maynard et al., 2001). Unless crop maturity was delayed by nearly 30 

days, peak Kc during 90-100 DAT was due to high Ea losses. Although there are chances 
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that Kc during 48-62 DAT was amplified due to rainfall effect, it can be considered as the 

peak Kc for bell pepper due to crop maturity. However, due to influence of rainfall and 

drainage, it is not possible to separate the effect of crop maturity and increased Ea on bell 

pepper Kc.  

FAO-PM : y = 2 ×10-06 x3 - 0.0004 x2 + 0.0244x + 0.1855
R2 = 0.79

FAO-BC : y = 3 ×10-06 x3 - 0.0004 x2 + 0.0214x + 0.2939
R2 = 0.60
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Figure 3-17. Bi-weekly crop coefficient for bell pepper using FAO-Penman-Monteith and 
Blaney-Criddle equations. 

As shown in Figure 3-17, FAO-PM based Kc were consistently higher than FAO-

BC based Kc, with the exception of first two weeks. On average, FAO-PM based Kc was 

found to be 7.2% higher than FAO-BC based Kc. ETo equations based differences in Kc 

were reported by several studies (and Steele et al., 1996; Simon et al., 1998; Tyagi et al., 

2000; Sepaskhah and Andam, 2001). The crop curves were developed by fitting a third 

order polynomial curve (Table 3-2). Similar equations have been used in the past (Elliott 

et al., 1988; and Sepaskhah and Andam, 2000) to describe Kc models. 
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Drip : y = 3×10-06x3 - 0.0005 x2 + 0.0261 x + 0.1532
R2 = 0.81

Seepage : y = 5 × 10-07x3 - 0.0002 x2 + 0.0217 x + 0.2338
R2 = 0.79
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Figure 3-18. FAO-Penman Montieth based bi-weekly Kc curve for bell pepper for drip 
and seepage lysimeters. 

Figure 3-18 shows the differences in Kc between the drip and seepage systems. The 

seepage Kc curve follows similar trend as the drip Kc curve, but the former consistently 

remains higher than the latter with exception of 90-100 DAT. As discussed, there was 

increased Ea during 90-100 DAT. During this time, all drip lysimeters show similar Kc 

(D1 = 1.38; D3 = 1.25; D4 = 1.19) while there was differences between Kc computed for 

S1 (1.35) and S2 (0.75). Difference between S1 and S2 was likely due to the inability to 

accurately capture variability in SWS in the seepage lysimeters. Overall, higher Kc for 

seepage lysimeters as compared to the drip lysimeters was expected due to higher Ea in 

the former. Third order equation obtained high coefficient of determination (R2) for both 

drip and seepage systems (Table 3-2). The Kc curve for seepage system plateaued around 

60 DAT (Figure 3-18) which was the expected maturity time for bell pepper (Maynard et 
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al., 2001). Literature (Allen et al., 1998; Simon et al., 1998) showed that Kc after 

attaining its peak value, either was maintained (shown by plateau in Kc curve) or was 

reduced slightly due to management factors.  

Drip : y = 4 × 10-06x3 - 0.0005 x2 + 0.0225 x + 0.2632
R2 = 0.68

Seepage : y = 1 × 10-06x3 - 0.0003 x2 + 0.0198 x + 0.3399
R2 = 0.51
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Figure 3-19. FAO-Blaney-Criddle based bi-weekly Kc curve for bell pepper for drip and 
seepage systems. 

Bi-weekly Kc developed using FAO-BC (Figure 3-19) and FAO-PM (Figure 3-18) 

follows similar trends. Lower R2 values for FAO-BC based Kc curve (R2
drip = 0.68; 

R2
seepage = 0.51) were obtained compared to those for FAO-PM based Kc curves. The R2 

values obtained for this study were within the range of the R2 reported in other lysimeter 

studies. Steele et al. (1996) generated fifth order polynomial Kc equations which provided 

the best R2 (0.52 to 0.68) for their data. Low R2 suggests that there are sources of 

variation in the results which could not been explained. As noted earlier, inaccuracies in 

estimation of SWS was one of the biggest sources of uncertainty in the results. 
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Table 3-2. Regression coefficients for bi-weekly crop coefficient curve for bell pepper. 
 ETo-PM   ETo-BC  Coefficient 

Average Drip Seepage Average Drip Seepage 
C1 0.185 0.153 0.239 0.294 0.263 0.339 
C2 0.0244 0.0261 0.0217 0.0215 0.0225 0.0198 
C3 -0.0004 -0.0005 -0.0002 -0.0004 -0.0005 -0.0003 
C4 2 × 10-6 3 × 10-6 5 × 10-7 3 × 10-6 4 × 10-6 1 × 10-6 
R2 0.79 0.81 0.79 0.60 0.68 0.51 
 

To reduce the temporal variation due to rainfall and drainage, monthly Kc was also 

developed. Monthly Kc values (Table 3-3) were more consistent with the classic Kc curve 

than bi-weekly Kc curves. Monthly Kc values showed peak value during the third month 

(referenced to 75 DAT). The fluctuations observed in bi-weekly Kc were reduced in 

monthly computations. Similar to bi-weekly Kc, seepage lysimeters had higher monthly 

Kc compared to the drip lysimeters. Also, there were differences in Kc due to the ETo 

method. For the purpose of comparison, Kc developed for bell pepper was compared to 

the reported values by Allen et al (1998) was used. They have reported Kc in three stages: 

initial, mid and late. Monthly Kc developed in this study was comparable to the Kc given 

by Allen et al (1998). The peak Kc for bell pepper at crop maturity was reported as 1.05, 

although the authors did not illustrate the ETo method used to develop their Kc. The peak 

monthly Kc for bell pepper in this study using FAO-PM (1.01) was slightly less than that 

provided by Allen et al. (1998) but peak Kc for using FAO-BC was about 19% less than 

the reported Kc. 

Table 3-3. Monthly crop coefficients for bell pepper (fall 2003). 
Kc - FAO Penman Monteith Kc - FAO Blaney Criddle DAT 
Average Drip Seepage Average Drip Seepage 

15 0.50 0.47 0.55 0.54 0.50 0.59 
45 0.80 0.71 0.93 0.73 0.65 0.85 
75 1.01 0.97 1.07 0.86 0.83 0.91 
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Watermelon 

Spring 2004 was a relatively dry season receiving only 30% of the historical 

rainfall (Table A-2). Mean air temperatures were at least 1oC cooler than the historical 

mean temperatures during March and April 2004. The daily ET rate increased from 

March to May. The highest ET was observed during May 2004. Seasonal ETo estimates 

by FAO-BC were about 18% less than those by FAO-PM method (Table A-2). The drip 

lysimeters produced 20,300 kg/ha marketable yield, which was about 17% higher than 

the 17,000 kg/ha marketable yield obtained from the seepage lysimeters. The average 

yield of watermelon during 2002-03 was nearly 37,600 kg/ha (USDA-NASS, 2004). The 

marketable yield collected from the lysimeters did not include the fruits damaged due to 

disease pressure, which was the main reason for low watermelon yield from the 

lysimeters during spring 2004. 

The average irrigation amounts applied in drip and seepage lysimeters were similar 

during the first two weeks after transplanting (Table B-2). From the third week onwards 

(15 DAT) irrigation applied to seepage lysimeters always exceeded the irrigation in drip 

lysimeters, with the exception of 29-42 DAT. During 29-42 DAT, irrigation requirement 

in all the lysimeters was reduced due to 34.5 mm rainfall. The irrigation demand 

increased considerably after 42 DAT in the seepage lysimeters due to two reasons. 

Firstly, watermelon crop approached maturity, and secondly, ETo demand was very high 

during May 2004. Drip lysimeters were able to maintain the soil moisture above 8% 

without considerable increase in irrigation. Overall, drip lysimeters required 59% less 

irrigation than the seepage lysimeters (Table B-2). 

Spring 2004 witnessed three considerable rainfall events. However, there was only 

a single drainage event during 29-42 DAT (Table B-2). Due to higher resident water table 
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in seepage lysimeters than the drip lysimeters, SWS in the former was less than the latter. 

Thus, comparatively higher drainage was obtained from the seepage lysimeters. The 

isolated runoff event in S2 (6.45 mm) was the result of a leak through the adjustable plate 

on the runoff gates. The SWS in seepage lysimeters were slightly higher than that in drip 

lysimeters (Figure 3-20). Sharp decline in SWS during May 2004 was more prominent in 

drip lysimeters than in seepage lysimeters. Figure C-2 shows continuous water table 

decline in the drip system after May 4th 2004 (61 DAT). The seepage system on the other 

hand did not show similar decline in water table due to higher irrigation. As a result the 

non-bedded areas in these lysimeters remained wetter that those in drip lysimeters and 

consequently the SWS in seepage lysimeter did not show sharp decline. 
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Figure 3-20. Soil water storage in the lysimeters during spring 2004. 
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Crop Evapotranspiration (ETc) 

Figure 3-21 shows considerable differences (> 45 mm) between actual ET (ETc) 

and potential ET (ETo-FAO-PM) during initial crop stage (0-14 DAT). ETc increased as crop 

approached maturity. The Peak ETc during 56-70 DAT was consistent with Maynard et 

al. (2001) who suggested that watermelon attains maturity around 60 DAT in Florida. As 

shown in Figure 3-21, ETc for seepage system was consistently higher than that for drip 

system with exception of 28-42 DAT. As discussed in bell pepper section, higher Ea 

losses in seepage lysimeters resulted in higher ETc compared to that for the drip system. 

Similar ETc during 28-42 DAT in drip and seepage system suggest similar Ea losses from 

the two systems due to rainfall. Similar water table in the two systems during 28-42 DAT 

confirms similar Ea losses from the two systems (Figure C-2). 
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Figure 3-21. Bi-weekly ETc for watermelon during spring 2004. 

The ETc in drip lysimeters shows a decline during 70-80 DAT. Allen et al (1998) 

noted that post-maturity decline in ETc was due to aging of leaves. However, part of 

decline in ETc during 70-80 DAT could also be a result of disease (vine decline) which 
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lowered the Tp rate. Progression of the disease in the field was such that drip lysimeters 

were affected before the seepage lysimeters. Therefore, seepage lysimeters do not show 

sharp decline as the drip lysimeters (Figure 3-22).  
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Figure 3-22. Bi-weekly ETc for drip and seepage lysimeters for watermelon (spring 

2004). 

 Comparatively, differences among replications of seepage system were higher than 

those among the drip replications (Figure 3-22). As explained earlier, higher differences 

among seepage lysimeters were primarily due to uncertainty in accurately representing 

SWS in these lysimeters. Figure C-2 shows greater water table fluctuations in the seepage 

system than the drip system, causing further variability in Ea in the former. Overall, ETc 

for the drip lysimeter was nearly 31% less than that from seepage lysimeters (Table 3-4). 

Table 3-4. ETc, ETo and rainfall for watermelon crop in spring 2004 season. 
ETc (mm) 

Average Drip Seepage 
ETo-PM (mm) Rainfall (mm) 

287 242 353 384 74 
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Crop Coefficient (Kc) 

The Kc curve developed for watermelon follows the trend of a classic Kc curve 

found in literature. Kc increased steadily with time reaching its peak during 56-70 DAT. 

The peak Kc was consistent with the maturity of watermelon suggested by Maynard et al. 

(2001). Decline in Kc during 70-80 DAT was likely the result of reduced Tp due to 

disease pressure.  

FAO- PM : y = -8× 10-06x3 + 0.0008 x2 + 0.0007 x + 0.1637
R2 = 0.99

FAO-BC : y = -1× 10-05x3 + 0.0012 x2 - 0.006 x + 0.2051
R2 = 0.99
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Figure 3-23. Bi-weekly crop coefficient for watermelon using Penman-Monteith and 

Blaney-Criddle equations. 

Similar to bell pepper, there were differences in watermelon Kc derived using FAO-

PM and FAO-BC based ETo. Figure 3-23 shows similar initial Kc for FAO-PM and FAO-

BC based Kc. However, the two curves deviate from each other as the season progresses. 

The FAO-BC based Kc curve shows 28% higher peak Kc value compared to FAO-PM 

based Kc curve (Figure 3-23). Similar observations have been made in other lysimeter 

studies (Steele et al., 1996; Simon et al., 1998; Tyagi et al., 2000; and Sepaskhah and 
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Andam, 2001). Kashyap and Panda (2001) reported nearly 10% difference between Kc 

developed using FAO-PM and FAO-BC. For this study, the highest differences between 

Kc estimated by the two ETo methods were observed in May 2004 (Figure 3-23). Despite 

differences in the Kc, third order polynomial curves for the two methods show very high 

R2 (0.99 for both ETo methods). 

FAO-BC : y = -1 ×10-05x3 + 0.0013 x2 - 0.0085 x + 0.1572
R2 = 0.99

FAO-PM : y = - 1 × 10-05x3 + 0.001 x2 - 0.0055 x + 0.1405
R2 = 0.98
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Figure 3-24. Bi-weekly crop coefficient for watermelon using Penman-Monteith and 

Blaney-Criddle equations under drip irrigation system. 

Figure 3-24 and 3-25 shows bi-weekly Kc for watermelon under drip and seepage 

irrigation systems respectively. Kc for the seepage system was consistently higher than 

that of the drip system for both ETo methods. As discussed earlier, higher Kc is a 

reflection of water management practice which causes higher Ea losses in the seepage 

system. Peak Kc for drip lysimeters was considerably less (FAO-BC = 1.24; and FAO-

PM = 0.98) than those for seepage lysimeter (FAO-BC = 1.67; FAO-PM = 1.29). The R2 

values for both the systems were very high (Table 3-5). 
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FAO-BC : y = - 8 ×10-06x3 + 0.0007 x2 + 0.0089 x + 0.2089
R2 = 0.97

FAO-PM ; y = - 4× 10-06x3 + 0.0003 x2 + 0.0136 x + 0.1712
R2 = 0.96
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Figure 3-25. Bi-weekly crop coefficient for watermelon using Penman-Monteith and 

Blaney-Criddle equations under seepage irrigation system. 

Higher R2 values for watermelon crop curves (Table 3-5) were in contrast to the 

lower R2 values obtained for bell pepper curves (Table 3-2). Better curve fitting obtained 

for spring 2004 data was probably due to the lack of uncertainty introduced by rainfall. 

The watermelon season (spring 2004) had very few rainfall events compared to bell 

pepper season (fall 2003). As a result, the fluctuations in Kc curve due to increased Ea 

were minimized. 

Table 3-5. Regression coefficients for bi-weekly crop coefficient curve for watermelon. 
 ETo-PM   ETo-BC  Regression 

Coefficient Average Drip Seepage Average Drip Seepage 
C1 0.1637 0.1405 0.1712 0.2051 0.1572 0.2089 
C2 0.0007 -0.0055 0.0136 -0.006 -0.0085 0.0089 
C3 0.0008 0.001 0.0003 .00012 0.0013 0.0007 
C4 -8 × 10-6 -1 × 10-5 -4 × 10-6 -1 × 10-5 -1 × 10-5 -8 × 10-6 
R2 0.99 0.98 0.96 0.99 0.99 0.97 
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Monthly Kc for watermelon (Table 3-6) also follows the classic Kc curve (Allen et 

al., 1998). Peak monthly Kc (FAO-PM = 1.01; FAO-BC = 1.28) for watermelon was 

computed for 60-80 DAT. The peak Kc (1.00) for watermelon reported by Allen et al. 

(1998) was almost identical to the average peak Kc for watermelon developed using 

FAO-PM (1.01) in this study. However, peak Kc for drip irrigated watermelon in this 

study was 18% less than the reported Kc Allen et al. (1998) while it was 28% higher for 

seepage irrigated watermelons. 

Table 3-6. Monthly crop coefficients for watermelon (spring 2004). 
Kc – FAO Penman Monteith Kc – FAO Blaney Criddle DAT 
Average Drip Seepage Average Drip Seepage 

16 0.36 0.27 0.48 0.40 0.30 0.54 
45 0.93 0.84 1.06 1.19 1.07 1.36 
70 1.01 0.82 1.28 1.28 1.04 1.63 
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Summary and Conclusion 

A study was undertaken to quantify and compare the ETc and Kc for vegetable 

crops under seepage and drip irrigation systems. Six drainage lysimeters were designed 

and installed at the UF/IFAS research center at Immokalee, Florida. Four lysimeters were 

irrigated with drip system, while two were under seepage irrigation. Bell pepper was 

grown in fall 2003, and watermelon was grown in spring 2004. The water balance 

equation was solved for ETc for each lysimeter, and Kc was developed for both the crops 

using FAO-PM and FAO-BC ETo methods. 

The bi-weekly Kc for bell pepper using the FAO-PM method varied from 0.50 

during the initial stage to 1.18 at maturity, and from 0.51 to 1.07 for the FAO-BC 

method. Third order polynomial equations were fitted to the computed Kc to develop Kc 

curves for bell pepper with respect to DAT. Higher R2 (0.79) was obtained for FAO-PM 

based Kc curve as compared to the FAO-BC (R2 = 0.60) based Kc curve. The monthly Kc 

conformed to the classic Kc curve better than the bi-weekly Kc curve. The monthly FAO-

PM peak Kc values for bell pepper from this study were similar to that reported by Allen 

et al. (1998). The comparison of bell pepper ETc for the two irrigation systems showed 

the drip ETc to be 20% less than the seepage system. 

The bi-weekly Kc curve for watermelon conformed better to the classic Kc curve as 

compared to the bi-weekly Kc curve for bell pepper. The R2 for Kc curves for watermelon 

were very high (> 0.99). Better results for the watermelon season was primarily due to 

fewer rainfall events in spring 2004, which reduced the uncertainties in water balance due 

to increased Ea. The FAO-PM based bi-weekly Kc for watermelon varied from 0.20 

during the initial stages to 1.09 at maturity. The FAO-BC based Kc values varied from 

0.21 to 1.41. The peak monthly Kc for watermelon using the FAO-PM method was 
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almost identical to the reported value by Allen et al. (1998). ETc of watermelon was 

reduced by 31% by using drip irrigation compared to seepage irrigation. 

This study provides the Kc for watermelon and bell pepper which are the two 

commonly grown vegetable crops in Florida. The Kc values can be useful for scheduling 

irrigation. Since one season of data were used to develop the Kc for watermelon and bell 

pepper, the temporal variability due to climatic conditions could not be addressed in this 

study. The study should be continued for two more years to provide better Kc for the two 

crops. This study shows the effectiveness of drip system in terms of reducing ETc over 

the seepage system for bell pepper and watermelon production in Florida.

 



CHAPTER 4 
IMPACTS OF DRIP AND SEEPAGE IRRIGATION SYSTEMS ON THE WATER 

QUALITY FOR VEGETABLE PRODUCTION IN FLORIDA 

Introduction 

In a report submitted to the US Congress by the US Environmental Protection 

Agency (USEPA, 1994), agriculture was recognized as the primary source of water 

pollution. Agriculture contributes to pollution of water bodies in the form of sediments, 

pesticides and nutrients. The majority of pollutants from agriculture are transported to the 

water bodies from diffuse sources that do not have an obvious point of entry into a water 

body (Ongley, 1996), known as non-point source pollution (NPS). Water resources in all 

the states in the USA, including Florida, have been impacted by the NPS pollution.  

Growing concern over the pollution of water bodies in the country led to the 

enactment of the Clean Water Act, in 1977. This act provides the basis for regulating the 

discharge of pollutants into a water body within the United States. To provide a 

framework for addressing the growing NPS pollution and maintain water quality 

standards for water resources, a comprehensive Total Maximum Daily Load (TMDL) 

program for Florida was developed under section 303 (d) of the Clean Water Act. The 

TMDL program sets water quality standards by prescribing the maximum allocations for 

a pollutant load which can be allowed into a water body. To achieve the TMDL criterion 

in Florida, state agencies are encouraging the agricultural community to develop and 

adopt Best Management Practices (BMPs) to reduce nutrient loading from agricultural 

fields. 

72 
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Vegetable production is one of the most important parts of Florida’s agriculture. 

Vegetable production in south Florida, the main vegetable production area in the state, is 

carried out on sandy soils also known as flatwood soils. These soils are poorly drained 

and have low water holding capacity. To conserve moisture, the crops are produced on 

raised, pressed soil beds covered with plastic mulch (Clark et al., 1996). A large fraction 

of flatwood soils have a spodic layer, about 90-120 cm below ground surface. The spodic 

layer has higher clay and silt content than the soil above, and is cemented with Fe, Al, 

and organic matter. Due to the higher clay content and binding of its constituent 

materials, the spodic layer has low conductivity and, therefore, perches the water table. 

As a result, the water table varies from 45-60 cm below the soil surface. A high water 

table provides an opportunity for upward movement of water (upflux). Taking advantage 

of the high water table and shallow root zone of vegetable plants, vegetable farms in 

south Florida have traditionally been irrigated by seepage irrigation system that provides 

moisture in the root zone through upflux.  

A typical nutrient management practice for vegetable production under seepage 

irrigation involves application of inorganic fertilizer pre-plant in the plastic mulch beds. 

Inorganic fertilizer in the beds is exposed to leaching due to the fluctuations in the water 

table. Once out of the root zone, part of the fertilizer makes its way to surface and 

groundwater bodies. Loss of fertilizer from the root zone deprives plants of the required 

nutrients, which can adversely affect crop yield and farm income. In contrast to a seepage 

system, the drip irrigation system applies water precisely into the root zone and facilitates 

fertigation. Fertigation is the application of liquid fertilizer through irrigation water. 

Through fertigation, fertilizer is applied in smaller doses based on weekly crop nutrient 
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requirement. Fertigation reduces the amount of fertilizer present in the soil at any given 

time during the growing season, thereby reducing the amount of potentially leachable 

fertilizer. Although fertigation reduces the potentially leachable fertilizer, water is the 

carrier of the pollutants from the agricultural fields into the water bodies. Therefore, 

sound water management practices are essential for controlling nutrient transport to 

surface and groundwater. To develop effective water management practices, it is 

important to understand the dynamics of major pollutants in soil and water. Nitrogen (N) 

and phosphorus (P) have been recognized by USEPA as the primary agricultural 

pollutants. 

Inorganic fertilizer is the source of P and N that are the macro nutrients required for 

plant growth. However, due to the increased use of fertilizer, N and P contamination of 

water bodies is of growing concern. P is the principal cause of eutrophication of lakes and 

reservoirs while increased N levels can cause toxicity to the aquatic life and the 

consumers of the affected water. N in the soil is present in organic and inorganic forms. 

However, it can be taken up by plants only in inorganic forms: nitrate (NO3) or 

ammonium (NH4). Bulk of inorganic N in the root zone comes from the inorganic 

fertilizers while mineralization of soil organic N and N-fixation contribute a small 

fraction of total inorganic N. NO3 is the most preferred form of N by the plants, but it is 

also the most mobile form of N in soil. High NO3 level in groundwater is a serious health 

hazard causing brain damage and even fatality in extreme cases (USEPA, 1985).  

Use of fertilizer P has doubled in the last 35 years (Terry et al., 1996). P can be lost 

from an agricultural field via runoff, erosion and leaching.  Studies have found that P 

from an agricultural field is lost mostly through runoff and erosion, while leaching does 
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not contribute greatly to the overall loss of P due to the ability of soil particles to fix P 

from soluble into immobile P. The immobile form of P is not available for plant use and 

may be lost via one of the hydrologic processes described above. However, due to the 

nature of flatwood soils, P loss through drainage can be important for Florida. 

Nutrient transport from an agricultural field to surface and groundwater is affected 

by water and nutrient management practices. Studies by Bogle et al. (1989), Csizinszky 

(1980), and Pitts and Clarke (1991) have compared the water quantity benefits of drip 

irrigation system against traditionally used seepage irrigation system. While the benefits 

of drip irrigation on water quality are apparent, they have not been quantified for 

vegetable production on flatwood soils in southwest Florida. High water table conditions 

combined with spatial variability in soil hydraulic properties create uncertainty for 

quantifying the impacts of water and nutrient management practices at field scale. 

Drainage lysimeters are considered an alternate tool to study the downward 

movement of chemicals in the soil profile. Liaghat and Prasher (1996) used drainage 

lysimeters to study the movement of pesticide in the soil profile while Klocke et al. 

(1993) used drainage lysimeters for water quality sampling. Drainage lysimeters were 

also used to study nitrogen uptake and leaching losses from citrus trees (Syvertsen and 

Smith, 1996). Similarly, Prunty and Montgomery (1991) and Martin et al. (1994) used 

drainage lysimeters to study the movement of N through the soil. Watts and Martin 

(1981) concluded that drainage lysimeters offer an effective tool to evaluate N 

management strategies for field conditions.  

The objective of this study was to quantify the impact of seepage and drip irrigation 

systems on N and P transport in the soil and to the groundwater. 
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Material and Methods 

Lysimeter System 

Six drainage lysimeters were used in this study to investigate the water quality 

impacts of seepage and drip irrigation systems. Each lysimeter used in this study was 

4.87 m × 3.65 m × 1.35 m. The design, construction and installation of the lysimeters are 

discussed in Chapter 3. For the purpose of comparison of the two irrigation systems, two 

of the four drip lysimeters (D1 and D4) were randomly selected and compared with the 

seepage lysimeters (S1 and S2). 

Cropping Practice 

Watermelon was grown in spring 2003 and 2004 cropping season, while bell 

pepper was grown in fall 2003. Summer is usually the non-cropping season in south 

Florida. Cow pea was grown as cover crop during the summer 2003 season to facilitate 

uptake of residual N and P and improve soil fertility. Table 4-1 describes the planting and 

harvesting schedule for the cropping seasons during the study period. Results from spring 

2003 and fall 2003 seasons were used for. Spring 2003 watermelon crop was not 

harvested due to disease problem which resulted in pre-mature failure of the crop. Bell 

pepper was harvested three times in the fall 2003. 

Table 4-1. Crop production schedule for the lysimeters. 
Crop Season Crop Planting Date Harvesting (Date; DAT a ) 

   First Second Third 
Spring 2003 Watermelon b 4/4/2003 - - - 

Fall 2003 Bell Pepper 09/10/03 11/07/03 12/01/03 12/19/03 
a Days after transplanting; b Crop was not harvested due to crop failure 
 
Fertilizer Management 

The N-P-K fertilizer application was based on University of Florida/Institute of 

Food and Agriculture Sciences (UF/IFAS) fertilizer recommendations for watermelon 
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and bell pepper (Maynard et al., 2001). Table 4-2 describes the fertilizer application 

schedule and rates under the two irrigation systems. The extra fertilizer (N and K) in 

seepage lysimeters during spring 2003 (Table 4-2) was a result of failed transplanting 

early in the season. To match the amount of fertilizer applied with fertigation in drip 

lysimeters during the failed transplanting, an equivalent amount of fertilizer was applied 

in seepage lysimeters following the survival of plants from the fifth transplanting. 

Table 4-2. Crop, rates (kg/ha) and forms of fertilizer application for spring and fall 2003 
seasons. 

Drip Seepage 
Pre-plant Pre-plant 

Crop Season  

Bottom Top 
Fertigationd 

Bottom Top 
Extra e 

N 45.36 a - 95.76 45.36 122.64 18.48 

P 112 b - - 112 - - 

W
at

er
m

el
on

 Spring 
2003 

K 45.36 † - 95.76 45.26 122.64 18.48 
N 56 a - 168 56 168  
P 168 b - - 168 - - 

Pe
pp

er
 Fall 

2003 

K 56 c - 168 56 168  
a Ammonium Nitrate (NH4NO3, composition 33-0-0); b Triple Super phosphate (P2O5, 
composition 0-46-0); c Muriate of Potash (K2O, composition 0-0-60); d Liquid Fertilizer 
(composition 8-0-8); e Mixture of NH4NO3 and K2O 
 

N Fertilizer application was carried out in two parts. The first part included 

applying dry fertilizer prior to making the soil bed (bottom mix). This application was 

common for both irrigation systems. The remainder part of fertilizer application in the 

seepage system involved placing the fertilizer in a band on top of the soil bed (top mix). 

Remaining fertilizer in the drip system was applied through weekly fertigation (Table 4-

2). Fertilizer application for the surrounding experimental field followed the method that 

was used for drip lysimeters. Fertilizer P was applied as bottom mix in the beds to all the 

lysimeters and the field. 
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Nutrient Cycling and Transport Monitoring 

To develop N and P balances under the two irrigation systems, soil, water and plant 

samples were analyzed for N and P species shown in Table 4-3. The inorganic N species 

nitrate-nitrogen (NO3-N) and ammonium-nitrogen (NH4-N) present in crop, water and 

soil were quantified in this study. The NOx-N in Table 4-3 is the sum of NO3-N and 

nitrite (NO2-N), which is referred as NO3 in this text. To compute N removed by crop 

harvest, fruit samples were analyzed for Total Kjeldahl Nitrogen (TKN). 

Table 4-3. Nitrogen and phosphorus analysis for soil, water and plant components for the 
lysimeters. 

Nitrogen  Phosphorus  
Soil Water Plant Soil Water Plant 
NOx-N a NOx-N TKN c TP d  TP e TP e 
NH4-N b NH4-N     
a Nitrate-Nitrogen; b Ammonium-Nitrogen; c Total Kjeldahl Nitrogen; d Total available 
phosphorus (Mechlich-1); e Total available phosphorus (Inductively coupled plasma 
(ICP) method). 
 

Similar to N, P is present in the soil in organic and inorganic forms. However, P is 

taken up by plants in the soluble form. Soluble P may be present in either organic or 

inorganic form. The amount of P in plant available form (soluble P) present in the soil 

was quantified by using Mehlich-1 procedure. Mehlich-1 extracts P from aluminum, iron 

and calcium phosphates present in soil (Pierzynski, 2000). Concentration of P in drainage 

and runoff was analyzed using inductively coupled plasma (ICP) spectrophotometry. ICP 

method was also utilized for determining P in the harvested crop.  

To quantify water and nutrient (N and P) balances for each lysimeter, water and 

nutrient (N and P) inputs and outputs to each lysimeter were measured independently. 

Water and nutrient components measured in this study and their sampling schedule are 

summarized in Table 4-4.  Mechanism for monitoring water balance components such as 
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irrigation, drainage, runoff, soil moisture and rainfall is discussed in Chapter 3. The 

monitoring schedule for N and P inputs and outputs (Table 4-4) is discussed below.  

Table 4-4. Monitoring and sampling schedule for hydrologic and nutrient input and 
output to the lysimeters. 

Time based  Event 
based 

Monitoring 
System 

Components 

Pre-plant Post-harvest Daily Monthly  
Irrigation     х 
Drainage     х 
Runoff     х 
Soil moisture   х   H

yd
ro

lo
gi

c 

Rainfall     х 
Soil х х    
Fertilizer х     
Ground Water    х  
Irrigation    х  
Drainage     х 
Runoff     х 

N
ut

rie
nt

 

Crops  х    
 
Sample Collection, Storage and Handling 

Soil 

Soil samples were taken Pre-planting and at post-season to compute the resident 

soil N and P. Pre-planting soil samples were taken for 0-30 cm and 30-60 cm soil depths 

before making beds in lysimeters. Post-season soil sampling included sampling both 

bedded and non-bedded areas of lysimeter. Soil samples from the bed were taken at 20 

cm interval up to a total depth of 60 cm from the top of bed. Non-bedded samples were 

taken at 20 cm interval to a depth of 40 cm from the top of soil surface. Since average 

bed height was nearly 20 cm, 0-20 cm and 20-40 cm sample from the non-bedded area 

corresponded to 20-40 cm and 40-60 cm sample from the bedded area respectively.  

To obtain a composite soil sample for each depth, six sub-samples from six 

locations distributed within each lysimeter were collected. These sub-samples for a 
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specific depth (e.g. 0-20 cm) were mixed well to obtain composite sample. Samples for 

bedded and non-bedded areas were analyzed separately. After collection, the samples 

were dried and stored as per the Florida Department of Environmental Protection (FDEP) 

protocol (FDEP, 2001) until analyzed. Soil samples were sent to the Analytical Research 

Laboratory (ARL) at Gainesville for analysis. 

Water 

As outlined in Table 4-4, water samples from the lysimeters were collected at fixed 

time intervals and on event basis. Drainage and/or runoff after a rain event was pumped 

out of the lysimeter using the discharge mechanism as described in Chapter 3. Only a part 

(1/10th) of drainage and runoff was stored for water quality samples (Chapter 3). 

Drainage and runoff discharge stored in the tanks was well stirred before collecting 125 

ml sample (using peristaltic pump). After collecting the samples, the storage tanks were 

emptied and cleaned as per the FDEP protocols for cleaning water quality equipment.  

Monthly groundwater samples were collected using groundwater monitoring well 

installed in each lysimeter (Figure 3-10). Standard Operating Procedure (SOP) for 

groundwater sampling developed by FDEP (FDEP, 2001) was followed for collecting 

groundwater samples. Irrigation was collected monthly (Table 4-3). 

After collection, all the water samples were brought to the water resources 

laboratory at SWFREC, UF/IFAS, Immokalee, FL, for further processing, storage and 

shipping. At the laboratory, the samples were transferred from the 125 ml field sampling 

bottles to 20 ml scintillation vials. Each sample was divided into three different 20 ml 

scintillation vials for N and P tests (Table 4-3) based on the amount of sample required 

for each individual test. The samples were prepared in accordance with the SOP for each 
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designated test and stored at 4oC (FDEP, 2001) before being shipped to ARL, 

Gainesville, FL, for analyses. 

Plant Tissue 

Fruit samples were collected and analyzed to quantify the amount of N and P 

removed from the lysimeters by each harvest. Harvested fruits were stored in separate 

containers for individual lysimeter. Five fruits were randomly selected from the harvest 

of each lysimeter to obtain a representative sample. For ease of drying, fruit samples were 

cut into smaller pieces and dried. Dried fruit samples were grounded and shipped to the 

ARL, Gainesville, FL, for N and P analysis.  

Nutrient Balance 

For each lysimeter, the inorganic N mass balance (steady-state) and the organic N 

balance (transient-state) was computed for each season. Steady-state N mass balance is 

based on the assumption that organic N in the soil is in steady-state (i.e. no net change in 

soil TDN). Transient-state mass balance shows the total N loss, which includes the 

conversions from organic N into inorganic N (Shukla, 2000). The N mass balance was 

computed as shown by Equation 4-1. To estimate the steady-state and transient-state N 

mass balance, DIN (dissolved inorganic N) and TDN (total dissolved N) in soil and water 

were computed using Equations 4-2 and 4-3. Mass balance was not computed for P, as 

Mehlich-1 test used in this study to evaluate soil P status is only an index of soluble P 

present in the soil and does not estimate the total soluble P in the soil. 

∑∑ −= outinBAL NNN  Equation 4-1 

Where, Nbal is the seasonal steady-state N balance; Nin and Nout are the input and output 

for the lysimeter. 
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34 NONHDIN +=  Equation 4-2 

3NOTKNTDN +=  Equation 4-3 

Where DIN and TDN are in kg/ha); NH4 is ammonium-nitrogen (kg/ha); and NO3 is 

nitrate-nitrogen (kg/ha); TKN is Total Kjeldahl Nitrogen (kg/ha). Total input and output 

were calculated using the following equations: 

∑ +++= fixiwfPin NNNNN  Equation 4-4 

∑ +++= glcrodout NNNNN  Equation 4-5 

Where Np is rainfall N (kg/ha); Nf is the total inorganic fertilizer applied (kg/ha); Niw is 

irrigation water N (kg/ha); Nfix is the N fixation; Nd is drainage water N (kg/ha); Nro is 

runoff N (kg/ha); Nc is the N removed by crop harvest (kg/ha); and Ngl is the 

volatilization losses (kg/ha). 

For simplicity, Nfix was assumed to be similar for all the lysimeters. Due to low 

ammonia volatilization under plastic mulch condition, Ngl was assumed to be negligible. 

The unaccounted N (Nl) in the steady-state mass balance included losses through 

denitrification assuming no immobilization-mineralization turnover. Nl for the transient-

state mass balance estimated denitrification losses including inter-conversions of organic 

and inorganic N. For both N mass balances, Nl was computed using equation 4-6. The 

change in soil storage (∆S) was computed using the resident soil N. 

SNN ball ∆+=  Equation 4-6 

Resident Soil nutrient 

The resident soil N and P before and after each season were estimated as follows: 

01.0)()()/()/( 3 ×××= − mdmkgsoilofkgmgMhaKgNutrientSoil sρ  Equation 4-7 
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Where M is the nutrient concentration in soil (mg/kg of soil); ρs is the dry bulk density of 

soil (kg m-3); and d is the depth of soil layer (m). 

The average soil bulk densities for the A and E horizons computed for the 

lysimeters were used to estimate the resident soil N and P (Equation 4-7). Since the soil 

samples were taken only up to a depth of 60 cm for the 101 cm soil profile, nutrient level 

in the remaining 41 cm of soil below the sampling depth needed to be quantified to 

compute the total N and P storage in the lysimeters. N and P stored in the lower 41 cm of 

soil was quantified using groundwater concentration of the sample taken close to the soil 

sampling date. Volumetric water content for 60 - 70 cm measured from the Diviner was 

used to compute the soil N and P status as shown in equation 4-8.  

)(
)()/(

)/(
haA

FlVlmgC
hakgStatusNutrientSoil w ××

=  Equation 4-8 

Where C is groundwater concentration (mg/l); Vw is volume of water (l); A is the 

lysimeter area (ha); and F is the conversion factor to convert from mg/ha to kg/ha. 

However, groundwater sample collection started from the fall 2003 season. 

Therefore, N and P storage in lower 41 cm were computed using the soils data for the 

periods when groundwater sample was not taken. For computing resident N and P using 

soils data, it was assumed that N and P in E - horizon was uniformly distributed 

throughout the profile. Therefore, the N and P concentration measured in the lowest soil 

sampling depth (30-60 cm) from the top of the ground surface was applied to entire 71 

cm of E horizon. N and P storage in the coarse sand layer below 101 cm of soil profile 

was not considered in the balance.  
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Irrigation, drainage and runoff discharge 

The N and P discharge in drainage and runoff and in irrigation for an individual 

event was computed using equation 4-9. 

)(
)()/()/()(

haA
lQlmgChakgLLoadingPandN ×

=  Equation 4-9 

Where C is the concentration of DIN or Total P; Q is the irrigation, drainage or runoff 

volume; and A is lysimeter area. The total loading for the entire season was estimated by 

Equation 4-10. 

∑
=

=

=
ni

i
LhakgLoadingPandNSeasonal

1
)/(  Equation 4-10 

Where L is the event based nutrient loading (kg/ha); i is the days after transplanting 

(DAT); and n is total number of days in the crop growing season. 

Crop 

The N and P content in the dried fruit samples were used for estimating N and P 

removed from the lysimeter system via crop harvest (Equation 4-11). Moisture content in 

bell pepper was assumed to be 90% of the total weight of the crop.  

1.0)/( ××= YMhakgremovalcropNutrient  Equation 4-11 

Where M is the total N or P content in fruits (mg/kg of dried fruits); Y is the yield 

(kg/ha); and 0.1 is the weight of the dry fruits (moisture content of fruits = 90%). 
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Result and Discussion 

Nitrogen Transport in Spring 2003 

Nitrate in soil 

Figure 4-1 shows the soil nitrate (NO3) in the 101cm soil profile (above the coarse 

sand) of the lysimeters. Soil NO3 levels in all the lysimeters before planting in the spring 

2003 season were low. Low NO3 levels were mainly because the soil used in the 

lysimeters had not been farmed and did not receive any N fertilizer for many years prior 

to spring 2003. A series of wetting and drying of lysimeter soil during rebuilding of soil 

profile may have resulted in further loss of resident inorganic N from the lysimeter soil. 

Figure 4-1 shows a net gain in soil NO3 in spring 2003 season for all lysimeters. This 

increase was more prominent in the seepage lysimeters than the drip. On average, 

seepage lysimeters had 47 kg/ha more soil NO3 than drip lysimeters at the end of season. 

The differences in soil NO3 between the two systems could be due to 46 kg/ha 

more inorganic fertilizer N (NH4NO3) applied to seepage lysimeters compared to drip 

lysimeters during spring 2003 (Table 4-2). Higher fertilizer application for seepage 

system was due to pre-mature failure of watermelon crop. The 46 kg/ha additional 

fertilizer N applied to seepage lysimeters contained 35.6 kg/ha of NO3-N. While higher 

fertilization may substantiate the overall increase in soil NO3 in seepage lysimeters 

compared to drip lysimeters, it should be noted that soil NO3 is an ever changing concept 

depending upon contributions from nitrification and mineralization processes. As shown 

in Figure 4-1, the difference between the resident soil NO3 in drip and seepage lysimeters 

was more than the additional NO3 applied in the former, therefore, resident soil NO3 at 

the end of spring 2003 was not only due to unused fertilizer in the soil, but also included 

contributions from nitrification and mineralization processes. 
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Figure 4-1. Nitrate-N level in soil before and after crop season. 

Nitrate in drainage and runoff 

NO3 is a very mobile form of N and can easily leach through sandy soils to reach 

the groundwater (Watts and Martin, 1981). Therefore, application of more fertilizer NO3 

could result in higher NO3 losses through drainage and runoff in seepage lysimeters. 

Figure 4-2 exhibits higher NO3 discharge with drainage and runoff from the seepage 

lysimeters compared to that from the drip lysimeters during spring 2003 season. Runoff 

loading was small during the season, constituting less than 2.5% of the total NO3 loading 

in drainage and runoff. Therefore, a sum of drainage and runoff loadings which was 

mainly drainage loadings, is shown in Figure 4-2. Hallberg and Keeney (1993) list the 

primary factors responsible for NO3 leaching as potentially leachable N (PLN), mass of 

infiltrating water and hydraulic conductivity. It can be safely assumed that hydraulic 

conductivity of the soil in all lysimeters would be similar. Therefore, main driving factors 

for the movement of NO3 in the soil were PLN and mass of infiltrating water. 

 



87 

Main reason of higher PLN in seepage lysimeter compared to drip lysimeters was 

that all the fertilizer in the former was applied in a single application (pre-plant) in 

contrast to multiple applications (fertigation) for the latter. In addition to pre-plant 

application, PLN in seepage lysimeters was further increased with the addition of 35.6 

kg/ha NO3 through extra fertilizer. Moreover, mass of infiltrating water in the seepage 

lysimeters was considerably higher than that under drip lysimeters. During spring 2003, 

43% less irrigation was applied in drip the system than the seepage system. As a result, 

NO3 discharge in drainage and runoff from drip system was 52% less than those from the 

seepage system (Figure 4-2). 
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Figure 4-2. Average nitrate loading in drainage and runoff in the drip and seepage system 
during spring 2003 and fall 2003 seasons. 

Higher NO3 discharge is a function of discharge volume and concentration. As 

shown in Table 4-5, higher NO3 discharge in drainage and runoff from the seepage 

system compared to the drip system, was due to higher mean NO3 concentration from the 

former. Higher NO3 concentration reveals that more NO3 moved to the groundwater in 

the seepage lysimeters than the drip lysimeters.  
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Table 4-5. Nitrate loading, mean concentration and flow weighted concentration for 
individual lysimeter drainage and runoff. 

NO3 loading 
(kg/ha) 

Mean concentration 
(mg/l) 

Flow weighted 
concentration (mg/l) 

Lysimeter 

Spring 03 Fall 03 Spring 03 Fall 03 Spring 03 Fall 03 
D1 8.01 37.15 3.53 32.25 3.68 28.85 
D4 12.92 58.03 6.03 29.46 5.94 34.03 
S1 27.73 56.08 10.63 50.12 12.32 39.91 
S2 16.18 93.87 8.10 40.65 9.90 50.72 
Average drip 10.5 47.6 4.8 30.9 4.8 31.4 
Average seepage 22.0 75.0 9.4 45.4 11.1 45.3 
 
Ammonium and dissolved inorganic nitrogen in soil 

DIN (NO3 + NH4) was examined to better understand the exchanges from various 

N processes for computing the total unaccounted N from the lysimeters. On average, soil 

NH4 contributed nearly 27% of DIN in the lysimeters prior to spring 2003 season, but it 

was reduced to only 6% at the end of season (Figure 4-1 and 4-3). The biggest source of 

NH4 in the soil was inorganic fertilizer (ammonium nitrate), adding about 42 kg/ha and 

31 kg/ha NH4 in seepage and drip lysimeters respectively. However, soil NH4 level 

shows an average increase of 1 kg/ha in all lysimeters at the end of the season. At the 

same time, soil NO3 increased by nearly 54 kg/ha on average in the lysimeters. Therefore, 

bulk of NH4 from the fertilizer was either lost through runoff and/or drainage or it was 

converted to soil NO3 by nitrification process or organic N via immobilization process.  

Immobilization and mineralization occur simultaneously in nature and the direction 

of transformation is governed by the ratio of organic carbon and N (C/N) (Shukla, 2000). 

If the ratio is less than 20, mineralization exceeds immobilization (Mulvaney et al., 

1993). C/N ratio in all lysimeters was less than 20 in spring 2003. Therefore, 

mineralization may have further contributed to NH4 in the soil. Despite contributions 

from mineralization, marginal increase in NH4 at the end of season suggests that the bulk 
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of NH4 was either lost through drainage and runoff or was converted to NO3 via 

nitrification.  
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Figure 4-3. Dissolved inorganic nitrogen in the soil before and after crop season. 

Ammonium and DIN in drainage and runoff 

During the spring 2003, NH4 contributed only about 10% of the DIN loading in 

drainage and runoff from the drip lysimeters and 12% from the seepage lysimeters (Table 

4-6). Mean NH4 concentration in drainage and runoff (Table 4-6) was also less (< 2mg/l) 

compared to the mean NO3 concentration in drainage and runoff (Table 4-5). Therefore, 

bulk of NH4 (from fertilization and mineralization) was converted to highly mobile soil 

NO3. Comparison of the two systems (Table 4-6) shows that DIN discharge in drainage 

and runoff from the drip system was 53% less than that from seepage system. Higher 

DIN leaching from the latter was due to higher NO3 and NH4 concentrations (Table 4-5 

and Table 4-6) suggesting higher leaching losses in the system. 
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Table 4-6. DIN loading, mean NH4 concentration and flow weighted NH4 concentration 
for individual lysimeter drainage and runoff. 

DIN loading 
(kg/ha) 

Mean NH4 
concentration (mg/l) 

Flow weighted NH4 
concentration (mg/l) 

Lysimeter 

Spring 03 Fall 03 Spring 03 Fall 03 Spring 03 Fall 03 
D1 9.33 44.52 0.65 5.43 0.60 5.72 
D4 13.90 89.22 0.48 15.26 0.45 18.29 
S1 31.76 78.84 1.47 20.97 1.79 16.20 
S2 18.51 155.69 1.25 27.64 1.43 33.41 
Average drip 11.65 66.90 0.56 10.34 0.52 12.00 
Average seepage 25.15 117.30 1.36 24.30 1.61 24.80 
 

Another reason for the difference in DIN loading from the two systems may be 

higher plant N uptake in drip lysimeters than the seepage system. Phene et al. (1979) 

reported that fertigation can increase fertilizer use efficiency by 200%. Higher N uptake 

in the drip system will also result in lower PLN in soil, and consequently lower the DIN 

leaching. To better understand the difference in DIN loading from the two systems, 

steady-state mass balance was computed for the four lysimeters.  
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Figure 4-4. Average DIN loading in lysimeter drainage and runoff for the drip and 
seepage system during spring 2003 and fall 2003 seasons. 
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Nitrogen mass balance  

Table 4-7 shows the steady-state balance for the two systems for spring 2003. NBAL 

in the balance indicates amount of N retained in the soil after accounting for losses 

through hydrologic processes and crop removal. Nl indicates unaccounted inorganic N 

losses which cannot be directly computed (through denitrification, volatilization and 

immobilization-mineralization processes). Plastic mulch beds reduce volatilization losses 

to minimal. Therefore, Nl in this balance would primarily include losses through 

denitrification and immobilization - mineralization turnover.  

Table 4-7. Steady-state N mass balance for drip and seepage systems for spring 2003. 
Parameters Spring 2003 (kg/ha) 
 Drip Seepage 
Soil (N s-pre) 12.33 14.562 
Inputs   
Fertilizer (Nf) 141.12 186.48 
Rain (Np) 1.67 1.67 
Irrigation (Niw) 1.69 3.00 
Fixation (Nfix) a - - 
∑NIN 144.48 191.15 
Outputs   
Drainage + Runoff (Ndl) 11.61 25.14 
Crop Removal (Nc)b  - - 
Gaseous losses (Ngl) c Negligible Negligible 
∑NOUT  11.61 25.14 
NBAL

d 132.87 166.01 
Soil (N s-post) 43.39 91.74 
Soil Storage (∆S in) 31.06 77.23 
Nl e 101.81 88.78 
a Assuming similar N-fixation in each lysimeter; b No crop removal due to crop failure;  
c Assuming negligible gaseous losses from the plastic covered plant beds; d NBAL = ∑NIN - 
∑NOUT; e Nl = N BAL - ∆S 
 

Despite higher leaching losses from seepage system, unaccounted N (Nl) from the 

seepage system was 12.8 kg/ha lower than that from drip system. While 46 kg/ha more 

fertilizer N was applied to the seepage lysimeters compared to fertilization in drip 

lysimeters, soil DIN in the former at the end of season shows 46 kg/ha higher DIN in soil 
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than the latter. Therefore, higher soil DIN can negate the extra fertilizer applied to the 

seepage system which suggests higher unaccounted N (Nl) from the drip system. 

Before concluding that the drip system had higher Nl than seepage system, it is 

important to consider some of the uncertainties in the mass balance shown in Table 4-7. 

Firstly, N uptake is considered as accounted loss from the system in this balance, 

primarily since the post-spring 2003 soil sampling done soon after crop failure did not 

allow enough time for decomposition of N in the plants. Therefore, N tied to the crop 

cannot be accounted in this balance. Secondly, variable mineralization rate (organic N to 

inorganic N) can cause uncertainty in the balance. As discussed previously, 

mineralization rate dependent upon C/N ratio. Pre-plant application of fertilizer N in 

seepage system may have resulted in higher mineralization rate than that in the drip 

system. The steady-state mass balance assumes no net contribution of N from organic to 

inorganic form. Therefore higher mineralization rate in seepage system would result in 

lower the DIN loss as the contributions from organic N cannot be accounted for in the 

steady-state mass balance. 

Nitrogen transport in fall 2003 

Nitrate in soil 

Pre-fall 2003 season data (Figure 4-1) shows that there was loss of NO3 in the 

entire soil profile in all lysimeters during summer 2003. The decline was likely the 

impact of planting cow pea in all lysimeters during the season. Cow pea is a source for 

fixing atmospheric N in the soil. It can also convert resident inorganic soil N into organic 

soil N through plant uptake. Figure 4-1 shows that at the time of soil sampling prior to 

fall 2003, there were considerable differences in soil NO3 among the lysimeters. Overall, 

seepage system lost considerably more soil NO3 than drip system during summer 2003. 
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However, these differences were not due to the irrigation treatment since the lysimeters 

were not irrigated during summer 2003. 

Figure 4-1 shows net gain in soil NO3 at the end of fall 2003 for both the systems. 

While soil NO3 gain for the two seepage lysimeters was similar, there was difference in 

the change in soil NO3 between the two drip lysimeters. Soil NO3 gain in D1 (143 kg/ha) 

was almost twice that in D4 (73 kg/ha) (Figure 4-1). Higher gain in D1 could be partly 

due to the lower NO3 loading through drainage and runoff in D1 as compared to D4 

(Table 4-5). Lower drainage losses resulted in higher retention of soil NO3 in D1 

compared to D4. Even though there was variability in the drip system, average residual 

soil NO3 in drip system was higher than that in the seepage system at the end of fall 2003. 

To better explain the differences and understand the movement of NO3 in the two 

systems, it is important to look into the NO3 concentrations in groundwater. 

Nitrate in groundwater 

Time series plot of NO3 concentration in groundwater (Figure 4-5) shows a sharp 

increase in groundwater NO3 concentrations in seepage lysimeters shortly after planting. 

In contrast to the seepage lysimeters, D1 and D4 show a more gradual rise in 

groundwater NO3 concentration. The sharp increase in seepage lysimeters was likely due 

to the application of 224 kg/ha of inorganic fertilizer N pre-planting in contrast to only 56 

kg/ha of fertilizer N applied to drip lysimeters. Therefore, PLN in seepage lysimeters was 

much higher than that in the drip lysimeters. Rainfall shortly after fertilization (Sept 15th 

2003) flushed out considerable NO3 from the root zone in all lysimeters. But due to lower 

PLN, NO3 leaching in drip lysimeters was less compared to that in S1 and S2. 
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Figure 4-5. Nitrate concentration in groundwater (mg/l). 

Between the two seepage lysimeters, S2 shows comparatively higher groundwater 

NO3 peak in October 2003 (Figure 4-5). Higher NO3 leaching signifies higher leaching, 

as S2 shows nearly five times more NO3 discharge in drainage and runoff than S1 during 

September - October 2003 (Table 4-8). Following peak groundwater NO3 concentration 

during October 2003, seepage lysimeters show gradual decline in concentrations (Figure 

4-5), which was likely due to the dilution effect from rainfall. However, concentration in 

S1 and S2 still remain high (> 90 mg/l). More rainfall during 11/02/2003 - 11/06/2003, 

caused more leaching of NO3 into the groundwater in seepage lysimeters. 

Table 4-8. Total NO3 and DIN loading in drainage and runoff between groundwater 
sampling events during fall 2003. 

Period Nitrate Loading (kg/ha) DIN loading (kg/ha) 
 D1 D4 S1 S2 D1 D4 S1 S2 
Sept - Oct 6.3 23.8 8.0 44.73 10.2 38.5 13 75.4 
Oct - Nov 24.8 18.5 31.4 37.3 27.9 30.7 45.4 63.9 
Nov - Dec 6.0 15.5 18.8 12.0 6.4 19.9 23.4 17.4 
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In contrast to seepage, gradual increase in drip lysimeters is indicative of relatively 

lower movement of NO3 through soil profile in the drip lysimeters. However, increase in 

groundwater NO3 concentration in D4 was more gradual than that in D1. As shown in 

Figure 4-1, D1 had the highest resident soil NO3 amongst all four lysimeters before the 

beginning of fall 2003 season. Therefore, higher peak groundwater NO3 in D1 compared 

to D4 could have the effect of higher residual soil NO3 in the former.  

Despite the difference between replications, data shows that at the time of 

groundwater sampling in November (nearly 70 days after transplanting), the seepage 

system had lost nearly 28% of fertilizer N in drainage compared to only 16% loss in drip 

system. These losses further signify the role of fertigation in reducing NO3 leaching.  

Nitrate in drainage and runoff 

Due to a greater movement of NO3 to groundwater in seepage system than drip 

system, latter shows 37% reduction in NO3 discharge in drainage and runoff than the 

former (Table 4-5). Table 4-9shows that seepage lysimeters had slightly higher discharge 

(drainage + runoff) volume than drip lysimeters. But, considerably higher NO3 

concentration (Table 4-5) in seepage system was responsible for higher NO3 discharge. 

Combining spring and fall 2003, drip lysimeters show a 40% reduction in NO3 discharge 

in drainage and runoff compared with seepage lysimeters for both seasons. 

Table 4-9.  Total discharge volume (liter) for the lysimeters during study period. 

Lysimeters D1 D4 S1 S2 
Average 
Drip 

Average 
Seepage 

Spring 2003 3821 3820 3955 2874 3821 3414 
Fall 2003 2263 2997 2469 3252 2630 2861 
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Ammonium and DIN in soil, groundwater, drainage and runoff 

Post-harvest soil NH4 levels in all lysimeters were higher in fall 2003 than those in 

post-spring 2003 (Figure 4-1 and 4-3). This was likely due to the contributions from 

organic N into NH4 from cover crop (cow pea) residue through mineralization process. 

Figure 4-3 shows similar change in DIN soil storage in S1 and S2 during fall 2003. 

However, D1 and D4 show considerable differences in change in DIN storage.  
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Figure 4-6. Ammonium concentration (mg/l) in groundwater. 

As shown in Figure 4-6 the NH4 groundwater concentrations in seepage lysimeters 

were considerably higher than those in drip lysimeters. A higher groundwater 

concentration signifies higher leaching of NH4 in seepage lysimeters. Apart from the 

factors explained earlier responsible for higher leaching in seepage lysimeter, there could 

have also been a difference in mineralization rate between drip and seepage system. 
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Figure C-1 shows greater water table fluctuations in the seepage system than the drip 

system during fall 2003. Water table fluctuations resulted in cycles of drying and wetting 

in the seepage system which may have contributed to higher mineralization rate (Agarwal 

et al., 1971).  NH4 contributed nearly 33% of DIN loading from the lysimeter during fall 

2003 (Figure 4-4) while fertilizer contained about 29% NH4, therefore, mineralization 

increased the NH4 level in soil leading to more leaching of NH4. 
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Figure 4-7. Nitrogen crop removal during fall 2003 season. 

Table 4-6 shows the drip system had 54% less NH4 discharge than seepage during 

fall 2003. Overall, the drip system had 43% reduction in DIN discharge in drainage and 

runoff (Table 4-6) compared to seepage system. For spring and fall 2003 season 

combined, drip lysimeters showed 44% reduction in DIN discharge compared with 

seepage lysimeters. Reduced DIN leaching and discharge under drip system was largely 

the effect of fertigation. N mass balance was computed to determine the overall losses 

from the two systems during fall 2003.To compute the N mass balance crop removal of N 
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was quantified. Figure 4-7 shows the removal of nitrogen with the fruit harvest at the end 

of the fall 2003 season. While there were considerable differences between N removed 

from individual lysimeters, average N removed from the two systems was similar. 

Similar N removal suggest that overall, the plant uptake was similar in the two systems. 

Nitrogen mass balance  

Table 4-11 shows the steady-state mass balance for fall 2003. Due to higher DIN 

discharge, seepage system shows 48 kg/ha less NBAL than that in drip system. Contrary to 

NBAL, Nl in drip system show 28.5 kg/ha losses, while seepage system shows a net gain of 

DIN (Table 4-11). Overall, compared to spring 2003, overall unaccounted N in fall 2003 

was considerably less. However, there could be uncertainties in steady-state mass balance 

mainly due to the conversion of organic N (from cow pea) into DIN through 

mineralization. The addition of DIN depends upon the mineralization rate of soil, which 

varies based on several local factors, discussed previously. Watts et al. (1991) computed 

193 kg/ha mineralization on sandy soil. Variable rate of mineralization in the lysimeters 

can result in uncertainties in the balance. Therefore, to account for the N added through 

mineralization, a transient-state N mass balance was also computed for fall 2003. 

To compute the transient-state N mass balance only the change in organic N in top 

30 cm of soil was considered. It was assumed that organic N was in steady-state 

conditions below 30 cm. This assumption was based on the fact that cover crop when 

ploughed into the soil remained mostly in top 30 cm of the soil. Therefore, bulk of 

organic matter was added only in the top 30 cm of soil. TKN analysis results (0-30cm) 

from post and pre-fall 2003 season were used.  

The post-season analysis of soil TKN result showed all lysimeters had similar TKN 

values for 0-20 cm and 20-40 cm. However, the TKN for 0-20 cm in S1 was nearly 178% 
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higher than the average TKN in the other three lysimeters, while 20-40 cm show similar 

TKN in all four lysimeters. Significantly, high TKN for 0-20 cm in S1 could have been 

due to high spatial variability of organic N in the soil. Considering 0-20 cm TKN 

concentration was an outlier, average TKN of the remaining samples in S1 was used to 

compute organic N for 0-20 cm in S1.  

Table 4-10. Total Kjeldhal nitrogen (TKN) concentrations (mg/kg of soil) for soil 
samples during post-fall 2003 season. 

Lysimeter 0-20 cm 20-40 cm 
D1 240.37 267.56 
D4 254.04 230.01 
S1 720.90 278.46 
S2 285.48 235.48 

 
The transient-state N mass balance for fall 2003 shows that seepage lysimeters had 

net loss of 61.19 kg/ha N, while, drip lysimeter had a net gain of 79.69 kg/ha (Table 4-

11). Net gain (negative balance) shows the uncertainties in the computations of mass 

balance. To better explain differences in transient-state mass balance, it is important to 

look into the variability in each system. Table 4-12 provides the Nl from each lysimeter. 

As shown in Table 4-12 three lysimeter had net losses, but D4 shows negative losses. 

High spatial variability in soil may have resulted in the unusual behavior of D4.  

Transient-state N losses computed in Table 4-12 illustrate the denitrification losses 

under the two systems for sandy soils in Florida. Denitrification primarily occurs under 

low supply of oxygen (Meisinger and Randall, 1991) which is controlled by soil water 

content (Follett et al., 1991). Denitrification was higher in seepage system due to higher 

wetted area than that in drip system. Smaller wetted area in drip system may have limited 

the denitrification losses only during wetting caused from rainfall. 
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Table 4-11. Steady-state N and transient-state N mass balance for drip and seepage 
systems for fall 2003.  

Parameters Steady-state balance (kg/ha) Transient-state balance (kg/ha) 
 Drip Seepage Drip Seepage 
Soil (N s-pre) 37.72 20.54 807.18 983.23 
Inputs     
Fertilizer (Nf) 224.00 224.00 224.00 224.00 
Rain (Np) 1.67 1.67 1.67 1.67 
Irrigation (Niw) 1.56 3.00 1.56 3.00 
Fixation (Nfix) a - - - - 
∑NIN 227.23 228.67 227.23 228.67 
Outputs     
Drainage + Runoff (Ndl) 67.45 118.06 74.05 153.52 
Crop Removal (Nc)  13.80 13.21 13.80 13.21 
∑NOUT  81.24 131.27 87.85 166.73 
(NBAL) c 145.98 97.40 139.38 61.94 
Soil (N s-post) 155.16 155.70 1026.25 983.98 
Soil Storage (∆S in) 117.44 135.16 219.07 0.75 
Nl d  28.54 -37.76 -79.69 61.19 
a Assuming similar N-fixation in each lysimeter; b Assuming negligible gaseous losses 
from the plastic covered plant beds; c NBAL = ∑NIN - ∑NOUT; d Nl = N BAL - ∆S 
 

Large variability in results could have been due to combination of following 

reasons. 

1. Variability in oxygen content in the soil due to variable soil moisture mainly in 
non-bedded areas resulted in different aerobic and anaerobic environments. 

2. Differences in mineralization rate in each lysimeter. 

3. Errors in computations due to extrapolation of point soil samples to compute the 
overall nutrient status in the soil  

While there was variability, overall, the drip system had comparatively lesser 

unaccounted transient-state N than the seepage system, which was largely the effect of 

fertigation and lower mass of infiltrating water. 

Table 4-12. Transient-state N mass balance for the lysimeters during fall 2003. 
Parameters Transient-state balance (kg/ha) 
 D1 D4 S1 S2 
Nl 

a 37.76 -197.15 38.07 84.31 
a Nl = N BAL - ∆S 

 



101 

Phosphorus Transport  

Spring 2003 

The primary difference between the comparison of N and P loading for the two 

irrigation systems is that while N was split applied as fertigation in the drip lysimeters, all 

the P fertilizer was applied pre-planting as bottom mix to all the lysimeters (Table 4-2). 

Due to same application method, the differences in P transport will solely be the result of 

differences in the movement of water under the two systems. 

Melich-1 extractable P in top 101 cm of soil is termed as soil P in this discussion. 

Results from pre-spring 2003 (Figure 4-8) show that there were differences in soil P 

before fertilizer application in the lysimeters. Drip system on an average had 71 kg/ha 

higher soil P compared to the seepage system. However, at the end of spring 2003, results 

show 207 kg/ha more soil P in seepage than the drip system. Moreover, there were 

differences among the lysimeters in level of soil P at the end of spring 2003. All the 

lysimeters except D4 show a net gain in soil P during the season. S1 and S2 show an 

increase of 286 and 277 kg/ha respectively while D1 show an increase of 103 kg/ha.  

At the time of planting, 112 kg/ha of fertilizer P was applied to all lysimeters 

(Table 4-2). Fertilizer P is highly soluble and available for plant uptake (Busman, 1998). 

Moisture starts dissolving fertilizer P soon after fertilization. As soluble P moves away 

from the fertilizer particle, it reacts with constituents present in the soil such as calcium, 

magnesium, iron and aluminum. Soluble P which forms complex compounds with these 

constituents becomes unavailable to plant uptake, adding to the fixed P pool in the soil. 

However, the migration of soluble P is very slow and depends on the movement of water 

(Busman, 1998). Cyclic saturation of the root zone in the drip system provided an 

opportunity for accelerated movement of soluble P as opposed to that in the seepage 
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system. Figure C-1 shows greater water table variations in the seepage lysimeters as 

compared to the drip lysimeters, in response to the irrigation, which resulted in the cycles 

of drying and wetting in the former. It is possible that movement of water under the drip 

system facilitated soluble P to associate with constituents in the soil as compared to that 

in the seepage system. However, the increase in soil P, which was more than the fertilizer 

P applied, in seepage lysimeters can be a result of high spatial variability. 
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Figure 4-8. Extractable soil P status for spring 2003 and fall 2003 seasons. 

Difference in the net gain of soil P between the two systems could be due to 

differences in the drainage and runoff discharge of P. Figure 4-9 shows that there was 

slight difference in discharge of P in drainage and runoff between the two systems. But 

the total P discharge from the lysimeters was extremely low (< 1 kg/ha) during spring 

2003 season. Therefore bulk of fertilizer P applied to the lysimeters did not leave the 
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lysimeters but was still present in the soil at the end of spring 2003. While seepage 

lysimeter showed very high soil P (Figure 4-8) at the end of season, drip lysimeters 

showed only slight increase. Therefore, bulk of fertilizer P in drip system may have 

converted into non-labile P in the soil.  

Some sources of variability in the computation of soil P before and after spring 

2003 were: firstly, variability due to extrapolation of point soil sampling to compute the P 

in the entire soil P. Secondly, soil sampling was only done to a depth of 60 cm. 

Therefore, P in lower 41 cm was extrapolated from the P concentration in 30-60 cm soil 

sample. The variability in the vertical distribution of soil P can also result in differences 

in the computed soil P. Thirdly, there was some mixing of the P (fixed pool) rich spodic 

material in the E horizon of lysimeter soil during the rebuilding of soil profile in the 

lysimeters. The spodic material may act as the source of P. However, differences in water 

regimes in the drip and seepage system may have resulted in differences in the release of 

P from the spodic material in the two systems.  
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Figure 4-9. Total P loading in lysimeter discharge in spring 2003 and fall 2003 seasons. 
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Overall, drainage data (Figure 4-8) suggested that downward movement of soluble 

P was more prevalent in the drip lysimeters than the seepage lysimeters resulting in 42% 

higher drainage discharge of P in the former during spring 2003. On the other hand, drip 

showed 31% reduction in loading through runoff compared to seepage lysimeters.  

Fall 2003 

Figure 4-8 shows differences in soil P (available P) in the lysimeters before and 

after the fall 2003 season. However, the differences in available P between the lysimeters 

were considerably reduced compared to the differences at the end of spring 2003. The 

resident soil P at the end of fall 2003 in D4 show an increase of 37 kg/ha while D1 did 

not show increase (Figure 4-8). Resident P in S1 increased by 54 kg/ha and by 112 kg/ha 

in S2. However, changes in soil P in the two systems can be explained by difference in 

leaching and soil P storage especially below 60cm of soil. During fall 2003, 168 kg/ha of 

fertilizer P was added to all the lysimeters. Total loading through drainage and discharge 

was less than 5 kg/ha from the lysimeters during the season. It suggests that the bulk of 

fertilizer P should still be present in the soil. While there was accumulation of soluble P 

in the soil at the end of fall 2003, the accumulation does not account for the total fertilizer 

applied. There is a possibility that the P may have converted into immobile P and is no 

longer in available form. Lower increase of resident P in D4 compared to S1 and S2 

could be due to variable rate of conversion of soluble P into immobile P. 
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Figure 4-10. Total P removed with harvest crop in fall 2003 season. 

Similar to spring 2003, drainage P discharge in fall 2003 from drip systems was 

nearly twice that from the seepage lysimeters. On the other hand, runoff P discharge from 

the two systems was similar (Table 4-13). Higher P discharge in drainage in fall 2003 

further confirms the presence of downward movement in drip system. However, P crop 

uptake was similar in drip and seepage system (Figure 4-10) 

Table 4-13. Total P discharges (drainage and runoff) and mean P concentration in 
lysimeter drainage and runoff. 

 P loading (kg/ha) Mean P concentration (mg/l) 
Lysimeter Spring 03 Fall 03 Spring 03 Fall 03 
D1 1.03 0.61 0.46 0.23 
D4 0.94 9.06 0.35 4.12 
S1 0.79 1.40 0.32 0.80 
S2 0.73 3.28 0.33 1.63 
Average Drip 0.98 4.84   
Average Seepage 0.76 2.34   
 

The primary reason for low P loading through drainage and runoff was the very 

low mobility of P which resulted in low P concentrations (Table 4-13). The mean 

concentration of P in lysimeter discharge (drainage + runoff) was less than 0.5 mg/l in all 
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the lysimeters during spring 2003. It increased during fall 2003, but still remained less 

than 5 mg/l. Drainage and runoff concentrations in this study were higher than Campbell 

et al (1985) who reported P concentration of less than 2 mg/l in drainage and runoff for 

soils in Florida. However, they reported results were from a field study which can have 

higher dilution in the non-cropped areas as opposed to the closed lysimeter system. 

Results from this study show that P does not easily move through the soil and the 

potential for P to leach into groundwater is low. Soil particles adsorb the soluble P as the 

infiltrating water passes through the soil profile into groundwater. 
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Figure 4-11. Total P concentration in groundwater (mg/l) and daily rainfall (mm). 

Figure 4-11 show the time series plot of groundwater concentration of total P 

during fall 2003. Data in Figure 4-11 show low concentrations (< 0.2 mg/l) in all the 

lysimeters during in August 2003. After the application of fertilizer at the time of 

planting in fall 2003 (Table 4-2) total P in groundwater shows an increasing trend in all 

lysimeters. Lysimeter D4 shows a sharp increase in the groundwater P concentration 
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during October and November 2003 while other lysimeters shows more gradual trend. As 

explained earlier, the migration of P in soluble form away from the fertilizer is dependent 

upon the movement of water. Therefore, it is possible that rainfall during September and 

October 2003 pushed a plume of soluble P from the root zone into the ground water. The 

timing of peak P concentration soon after rainfall events is similar to that seen in the 

emergence of groundwater concentration peak for NO3 and NH4, smaller peaks signifying 

low mobility of P. Table 4-14 shows drainage P discharge from D4 was considerably 

high compared to other lysimeters between groundwater sampling events in September 

and October. Therefore, it was the effect of rainfall which resulted in leaching of soluble 

P from the root zone into the groundwater. While groundwater concentration falls in D4 

after October 2003, other lysimeters continue to show an increase.  

Table 4-14. Drainage and runoff P discharge between groundwater sampling events 
during fall 2003. 

Period Drainage Loading (kg/ha) Runoff loading (kg/ha) 
 D1 D4 S1 S2 D1 D4 S1 S2 
9/10 -10/19 0.3084 5.1836 0.5335 1.3858 0.0507 0.1634 0.0891 0.0603 
10/19 - 11/12 0.2057 2.5862 0.4324 1.1862 0.0038 0.0029 0.0199 0.0439 
11/12 - 12/20 0.0387 1.1266 0.4115 0.6512 0.0032 0.0009 - 0.0197 
 

The main conclusion which drawn from this study is that bulk of applied P does not 

easily moves through the soil adding to the resident soil P. Results also showed that drip 

system had comparatively higher P loading in drainage than the seepage system. These 

results were consistent with Zhang et al. (2002) who indicated that sandy soils were at 

high risk of P leaching due to their low sorption capacity. Top down movement of water 

in drip system was likely the reason of higher leaching of P than in seepage system.  
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Summary and Conclusion 

Four drainage lysimeters were used to compare the water quality impacts of drip 

and seepage irrigation systems. Hydrologic and nutrient (N and P) input and output data 

from spring 2003(watermelon) and fall 2003 (bell pepper) seasons were used in this 

study. Effects of fertigation (drip irrigation) versus pre-plant (seepage irrigation) N 

application were investigated in this study. All the fertilizer P was applied pre-planting in 

the beds in all lysimeters. N mass balance was computed to study N dynamics under the 

two systems. The effects of different water regimes in the two systems on the movement 

of available P were also quantified.   

Based of the results from this study following conclusions can be drawn: 

1. Drip irrigation system reduced the NO3-N discharge in drainage and runoff by 
nearly 40% compared to those from the seepage system. DIN discharge in drainage 
and runoff was reduced by 44% in the drip system.  

2. Lower DIN discharge from the drip system was mainly due to lower PLN (effect of 
fertigation) and lower mass of infiltrating water (effect of irrigation practice) in 
these lysimeters compared to the seepage lysimeters.  

3. The transient-state N mass balance indicates that drip system had lower 
denitrification losses than the seepage system 

4. In contrast to DIN discharge, P discharge in drainage and runoff was only a small 
fraction of total P applied as fertilizer. Comparatively, P discharges (drainage + 
runoff) from the drip system were 87% higher than the seepage system. 

5. Bulk of fertilizer P converted into non-labile P adding to the resident soil P. 

6. There was no difference in N and P plant uptake between the two systems. 

 



CHAPTER 5 
SUMMARY, CONCLUSIONS AND SUGGESTIONS 

Summary and Conclusions 

This study was conducted at the University of Florida-Institute of Food and 

Agricultural Sciences (UF/IFAS) research center at Immokalee, Florida, to develop local 

crop coefficients (Kc) for watermelon and bell pepper for Florida. The study also 

quantified the impacts of drip and seepage irrigation systems on crop evapotranspiration 

(ETc) and water quality for vegetable production in Florida. Six drainage lysimeters (4.87 

m × 3.65 m × 1.37 m) were constructed and installed in a vegetable field (area = 0.70 ha). 

The soil profile inside the lysimeters was rebuilt using the native soil, Immokalee fine 

sand (A horizon = 0.30 m; E horizon = 0.71 m) by light compaction followed by wetting 

and drainage cycles. Four lysimeters were irrigated by drip and two by a seepage 

irrigation system. 

Irrigation, drainage and runoff were measured individually for each lysimeter. 

Drainage was collected through a horizontal well screen installed at the bottom of 

lysimeter. Runoff was captured by the walls of the lysimeters extending above the ground 

surface and collected in two catchments attached to the lysimeter wall. Soil moisture was 

measured at two locations in each lysimeter using a frequency domain reflectometry 

(FDR) device. Irrigation scheduling was based on daily soil moisture measurements. 

Irrigation scheduling was not based on water table measurements for seepage irrigated 

lysimeters, which is practiced by some growers in south Florida. Daily weather data to 

estimate reference evapotranspiration (ETo) were collected at the UF/IFAS Florida 
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Automated Weather Network (FAWN) weather station located at SWFREC, Immokalee. 

Bi-weekly and monthly water balances were computed for each lysimeter to compute the 

ETc and develop Kc. 

Watermelon was planted in spring 2003 and 2004; bell pepper was planted in fall 

2003. N-P-K fertilizer application rates were based on the UF/IFAS recommendations. 

Soil samples were collected before and after each season to compute the resident soil 

nitrogen (N) and phosphorus (P). Drainage and runoff sample were collected on event 

basis while, groundwater was collected monthly. Fruits were sampled to compute the 

removal of N and P with the harvested crop. 

Bi-weekly Kc for bell pepper (fall 2003) using FAO-Penman-Montieth (FAO-PM) 

varied from 0.50 (initial) to 1.18 (maturity) and 0.51 to 1.07 for FAO-BC based curve. 

Third order polynomial equations, used to describe the Kc curve, yielded high correlation 

(R2 FAO-PM = 0.79; R2 FAO-BC = 0.60). Monthly Kc curves followed the conventional 

crop curve more closely than the bi-weekly curves. Peak monthly Kc for bell pepper 

(1.01) developed in this study was similar to the reported value (1.05) by Allen et al. 

(1998). The ETc for bell pepper was reduced by 20% under the drip system compared to 

that in seepage system.  

Bi-weekly Kc for watermelon (spring 2004) using FAO-PM varied from 0.20 to 

1.09 and from 0.21 to 1.41 for FAO-BC. Very high correlation (R2 > 0.99) for 

watermelon compared to those for bell pepper was mainly due to the effect of fewer 

rainfall events during the spring 2004. Rainfall introduces uncertainty in water balance 

due to increased evaporation. The ETc of watermelon was reduced by 31% by using the 

drip system compared to that under the seepage system. 
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N discharges from the drip system were considerably smaller than those from the 

seepage system. Overall, drip system reduced nitrate (NO3-N) loading by 40% and DIN 

loading by 45 %. Reduced losses from the drip system were the effect of fertigation and 

lower mass on infiltrating water compared to the seepage system. TDN mass balance 

shows that drip system had lower denitrification losses than the seepage system.  

Only a small fraction (< 5 kg/ha) of fertilizer P was lost in drainage and runoff. 

Bulk of unused fertilizer was converted into non-labile P adding to the resident soil 

status. In contrast to runoff, P discharge through drainage was higher. P concentration in 

drainage remained low (< 1 mg/l) for most part of the season, but, occasionally reached 

as high as 4.12 mg/l. Higher P loading in drainage was likely because of low sorption 

capacity of the soil. Comparatively, P discharge was 87 % higher from drip system than 

the seepage system. Higher P loading from drip system was likely due to cyclic 

downward movement of water. 

It should be noted that the use of lysimeter in this study provides a closed system, 

which is one of the major differences between this study and an actual field condition. 

The ET and the nutrient leaching for the same crop reported in this study may be different 

from an actual vegetable farm condition due to differences in water management, soil, 

and hydrologic factors. 

Suggestions 

This study does not address the temporal variation due to rainfall, as only one 

season was used to compute water use and Kc for both crops. Abukhalaed et al. (1982) 

recommended data collection for a minimum of three seasons for such studies. Spatial 

variability in N and P added uncertainty in quantifying the N and P storage in the 

lysimeter soil. However, results from this study open avenues for furthering current 
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research to obtain high quality data for developing better water and nutrient management 

practices for southwest Florida. Based on the results from this study, following 

suggestions may be helpful for future research work 

1. Study should be continued to minimum of three seasons for computing ETc, 
develop Kc and better understand the N and P dynamics. 

2. The higher P discharge seen in drainage resulting from the use of drip system 
compared to seepage system in sandy soils warrants further study. 

 



APPENDIX A 
WEATHER DATA 

 



 

114

Table A-1. Monthly summary of historical weather data and fall 2003 weather data. 
Month Fall 2003 Season 

 
Historical data a 

Air temperature (oC) d   Total ETo 
h (in mm/day) 

 Tmean b  
(oC) 

Rain  c 

(mm) 
Tmean 

 
Tmax 

 
Tmin 

 
Rs 

e
 

(MJ m-2 d-1) 
U2 

f 
(ms1) 

Rain g 

(mm) 
FAO-PM FAO-BC 

September 27.14 166.4 25.8 33.58 20.38 17.02 1.45 201.5 4.0 3.5 
October 24.64 69.3 24.3 32.5 14.28 17.19 1.45 21.4 3.6 3.8 
November 21.56 58.2 21.4 30.54 6.68 13.74 1.66 52.7 2.8 3.2 
December 18.75 45.2 15.7 27.94 -0.2 12.79 1.66 50.9 2.3 2.5 

Total i - 339.1 - - - - - 326.5 322.7 336.0 
a 30-yr historical data for Immokalee, b Historical mean air temperature for Immokalee; c Historical average rainfall for Immokalee;  
d Air temperature (fall 2003); e Daily incoming solar radiation; f Wind speed at 2 m height; g Rainfall (fall 2003); 
 h Average daily ETo; i in mm. 
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of historical weather data and spring 2004 weather data 
Fall 2003 Season 

Table A-2. Monthly summary 
Historical data a 

Air temperature (oC) d   Total ETo 
h (in mm/day) 

Month 

Tmean b  
(oC) 

Rain  c 

(mm) 
Tmean 

 
Tmax 

 
Tmin 

 
Rs 

e
 

(MJ m-2 d-1) 
U2 

f 
(ms1) 

Rain g 

(mm) 
FAO-PM FAO-BC 

March 20.56 75.69 19.7 30.15 6.87 19.87 1.87 2.0 4.40 3.94 
April 22.22 61.46 20.85 32.15 6.71 22.46 1.87 57.1 4.72 3.82 
May 24.92 110.23 24.49 35.9 13.63 23.50 1.87 15.8 5.26 4.14 
Total i - 247.38 - - - - - 73.5 390.53 321.14 
a 30-yr historical data for Immokalee; b Historical mean air temperature for Immokalee; c Historical average rainfall for Immokalee;  
d Air temperature (spring 2004); e Daily incoming solar radiation; f Wind speed at 2 m height; g Rainfall (spring 2004); 
 h Average daily ETo; i in mm. 
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Table B-1. Summary of rainfall, irrigation, drainage and runoff during fall 2003 season. 
 Rain Irrigation (mm) Drainage (mm) Runoff (mm) 

DAT a (mm) D1 D3 D4 S1 S2 D1 D3 D4 S1 S2 D1 D3 D4 S1 S2 
0-20 104.3 12.0 8.3 8.2 16.2 18.0 71.8 79.2 73.7 66.0 78.6 11.0 15.0 14.3 15.4 8.6 
21-34 1.0 16.1 19.7 20.3 20.6 21.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
35-48 1.1 25.5 26.5 28.7 40.6 38.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
49-62 68.1 8.9 10.1 9.9 18.3 18.2 32.8 35.8 35.0 30.3 37.5 2.2 2.4 1.0 2.8 7.3 
63-76 2.6 19.3 20.0 25.1 33.1 27.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
77-90 9.6 23.0 24.4 25.0 43.0 36.2 0.0 2.7 4.5 9.9 9.0 0.0 0.0 0.0 0.0 0.0 
91-100 39.6 4.7 5.5 5.7 3.1 0.0 6.3 13.8 15.9 12.6 16.4 1.6 0.7 0.4 0.0 3.7 
TOTAL 226 109 114 123 175 160 111 131 129 118 141 14.8 18.1 15.7 18.2 19.6 

a DAT is days after transplanting 
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n.  
Runoff (mm) 

Table B-2. Summary of rainfall, irrigation, drainage and runoff during spring 2004 seaso
 Rain Ir  Drainarigation (mm) ge (mm) 

DAT  (mm  D1 D3 S2 D1 D3 D4 D1 D3 D4 S1  a ) D4 S1 S1 S2 S2 
0-14 20.2 18.2 18.6 25.8 25.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.5 
15-28 0.4 25.4 26.2 21.9 51.7 45.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.5 
29-42 14.8 14.5 12.5 16.2 16.2 5.3 5.3 4.4 6.8 6.6 0.0 0.0 0.0 0.0 0.0 
43-56 37.1 24.5 22.8 20.7 49.8 47.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 21.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

34.5 

57-70 
71-81 

TOTAL 

20.7 
13.4 
116 

18.8 
10.1 
103 

73.1 
69.9 
286 

70.2 
63.4 
269 

0.0 
74 

10.9 
118 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5.3 5.3 4.4 6.8 6.6 0.0 0.0 0.0 0.0 6.5 

a DAT is days after transplanting 
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WATER TABLE DATA 
APPENDIX C 
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Figure C-1. Water table for the drip and the seepage system and rainfall during fall 2003. 
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Figure C-2. Water table for the drip and the seepage system and rainfall during spring 
2004. 
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