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 Farmers in southwest Florida need information related to distribution of soil 

characteristics in sugarcane fields with different soil orders since they affect  

accumulation of plant available nutrients within the root zone. Farmers need to know 

how fluctuating water table affects movement of plant available nutrients above and 

below the water table. Information on the distribution of nutrients leaching out of the root 

zone during water table management is needed by environmental scientists for the 

assessment of the adverse effects on the water quality. Water table depth is managed 

through pumping after rainfall events. Understanding of nutrient movement associated 

with decreases in water table depth is needed to minimize impacts on water quality by 

pumping activities. Reliable databases of constants like saturated conductivity values 

(Ksat) and phosphorus sorption coefficients (KD) are needed by scientists and farmers 

to accurately model water, nitrogen and phosphorus movement. Studies were 

conducted to document spatial distribution of soil characteristics in two mineral soils 
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most widely used for sugar cane production, determine phosphorus sorption and 

kinetics associated with water table movement, and calibration of Hydrus 1D. The 

hypotheses of the studies were; (i) soil characteristics for two dominant sandy soils 

used for sugarcane production in south Florida will vary spatially and with depth and this 

will lead to different patterns of phosphorus accumulations; (ii) phosphorus sorption 

coefficients (KD) when determined using different supporting electrolytes (0.01M KCl, 

0.005M CaCl2, simulated Florida rain, deionized water, and fertilizer mixture) will 

significantly differ; (iii) reducing distance between water table and Bh horizon through 

lowering water table from 30 cm to 50 cm depth will increase diffusion of phosphorus 

and nitrogen below the water table for Immokalee soil; (iv) management of water table 

depth after rainfall events will lead to loss of plant available phosphorus and nitrogen 

out of the sugarcane plants’ root zone; (v) drip can be used to maintain high plant 

available nutrients within the root zone and minimize nutrients loss out of the root zone; 

and (vi) phosphorus leaching will be over predicted and or under predicted when 

sorption coefficients determined using different electrolytes are used to model 

phosphorus movement. The objectives of the study were; (i) identifying the distribution 

of soil characteristics that affect accumulation of phosphorus and nitrogen in sugarcane 

fields with Immokalee fine sand and Margate fine sand; (ii) characterizing sorption of 

phosphorus using different electrolytes; (iii) studying movement of water determined by 

bromide tracer, phosphorus, and nitrogen in relation to fluctuating water table depth and 

drip irrigation, and (iv) modeling water (bromide), nitrogen, and phosphorus using 

linearized sorption coefficients determined using different electrolytes. Characterization 

of soil characteristics in sugarcane fields was conducted using 80 uniformly distributed 
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(using a 38 m by 38 m grid) and 20 random sample positions. The two sugarcane fields 

(one with Margate soil and another with Immokalee soil) were 30 acres each. Soil 

samples sampled from 0-30cm, 30-60 cm, and 60-90 cm depths were analyzed for total 

carbon, total phosphorus, pH, oxalate iron, oxalate aluminum, oxalate phosphorus, and 

exchangeable calcium. The A horizon depths were fully explored and measured for the 

two sugarcane fields. The values of total phosphorus, total carbon, and pH were 

arranged in ascending order and clustered in to five clusters. One sample from each 

cluster was randomly selected for conducting phosphorus and ammonium sorption 

experiments. The A horizon from Immokalee and Margate soil, Bw horizon from 

Margate soil and Bh horizon from Immokalee soil were used for sorption experiments. 

The supporting electrolytes used to conduct phosphorus sorption experiments were; 

potassium chloride (0.01M KCl), calcium chloride (0.005M CaCl2), deionized water, 

simulated Florida rain, and fertilizer mixture (phosphorus, nitrogen, and potassium). The 

fertilizer mixture was prepared in simulated Florida rain using application rate, 50kg 

P2O5ha
-1

, 200kg Nha
-1

, and 200kg K2O ha
-1

. A saturated flow experiment where A 

horizon material was packed in a column (15 cm long and 7.5 cm in diameter) and 

fertilizer mixture pumped through at a rate of 10mL per minute was conducted. Column 

leaching experiments were conducted to identify changes in movement of phosphorus 

and nitrogen (ammonium and nitrate) with fluctuating water table (30 cm to 50 cm). In a 

lysimeter study, phosphorus, nitrogen, and potassium were applied to a lysimeter where 

sugarcane was planted and subjected to drip irrigation at water application rate of 

2.3 Lh
-1

. The drip emitters’ spacing was 30.5 cm. The 15 cm depth increment (0-15 cm, 

15-30cm, and 30-45 cm) was used for soil sampling. Bulk densities of soil horizons, 
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saturated hydraulic conductivity (Ksat values), moisture release constants, and 

phosphorus sorption coefficients determined using different electrolytes and sorption 

kinetics parameters were used to calibrate Hydrus 1D. After calibration, column 

leaching results and lysimeter study results (bromide, phosphorus, ammonium, and 

nitrate) were used as validation data sets. Results after studying distribution of soil 

characteristics in two sugarcane fields have shown that unlike in a field with Immokalee 

soil where total carbon and oxalate aluminum influenced most total phosphorus 

distribution, total carbon influenced most total phosphorus distribution in Margate field. 

Soil characteristics were observed to vary spatially and with depth. Sorption of 

phosphorus by soil from least was deionized water, simulated Florida rain, potassium 

chloride (0.01M KCl), and calcium chloride (0.005M CaCl2). The calculated linearized 

sorption coefficient (0.01M KCl) compared well with linearized sorption coefficient 

(fertilizer mixture).  Negligible sorption of phosphorus was identified in E horizons 

sampled from two soil series (Margate and Immokalee).  The similarity in movement 

behavior of chloride and nitrate for saturated flow experiment showed that both can act 

as tracers. Since ammonium, nitrate, and chloride fit a convective-dispersive model, 

there was absence of physical non-equilibrium in saturated flow experiment. For both 

saturated and unsaturated flow experiment, phosphorus was more retarded than 

ammonium. Phosphorus and ammonium concentrations below the water table were 

higher when the water table was set at 50cm than 30cm. For the lysimeter study, 

differences in highest concentrations of bromide for 0-15 cm and 15-30 cm from 

irrigated (20 cm from center of plant row) and non-irrigated zone (50 cm from the center 

of plant row) were attributed to bromide uptake. Since high phosphorus and nitrogen 
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concentrations were observed within the root zone (0-30 cm) and increasing 

concentrations in tissues with time, nutrients were managed within the root zone and 

plants responded to applied nutrients and moisture. The regression coefficient (R
2
) 

values for bromide (0.97) and ammonium (0.95) show that Hydrus 1D can be validated 

using data from column leaching experiment with water table depth set at 30 cm depth. 

For the irrigated zone in lysimeters (0-15 cm depth), 0.97 and 0.94 were the regression 

coefficient (R
2
) values for bromide and ammonium respectively. The low root mean 

square error (RMSE) values for linearized sorption coefficient value (0.01 M KCl) after 

validating Hydrus 1D with column data and lysimeter data show that modelers can 

model phosphorus movement with linearized sorption coefficient (0.01 M KCl). The 

significant results of this work were; (i) supporting electrolytes affect the sorption 

behavior of phosphorus in sandy soils and this has been shown in trend of linearized 

sorption coefficients; (ii) management of plant available nutrients within the root zone of 

sugarcane plants using drip irrigation; and (iii) a calibrated Hydrus 1D model for 

sugarcane production on sandy soils that can be used by modelers and farmers. 
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CHAPTER 1 
INTRODUCTION 

The mineral soils used for sugarcane production in Florida are classified as 

Entisols, Mollisols, and Spodosols (Obreza et al., 1998; Pitts et al., 1993). The soils 

have varying amounts of organic matter. The textures range from coarse to fine textured 

sands (Soil Survey Staff, 1996). Seepage irrigation by raising the water table is possible 

due to the close proximity of bed rock, and elevated water tables that are used to 

manage moisture content for plant uptake. Water table depth is lowered from 30 cm 

depth to 50 cm depth for good root aeration. The mineral soils demand proper water 

and fertility management before being used for sugarcane production. This is attributed 

to their low nutrient content and water holding capacity (Soil survey staff, 1996). The 

average A horizon depths within the sugarcane fields differ due to land leveling. This 

leads to differences in availability of nutrients in the root zone of sugarcane plants. The 

A horizon depth is important in nutrient retention since it contains higher organic matter 

than the E horizon (Li et al., 1997). The E horizons are eluted of nutrients and typically 

consist of uncoated sands that do not retain nutrients, thus acting essentially as media 

through which nutrients pass to the water table (Pant et al., 2002). The Bh horizon is the 

most reactive component of Spodosols. The Bh horizon accumulates amorphous 

mixtures of organic matter and aluminum (Soil Survey Staff, 1996). Histosols in Palm 

Beach County, and Spodosols and Entisols in Hendry and Glades Counties are the 

dominant soil orders, used for sugarcane production in South Florida (Anderson, 1990, 

Obreza et al., 1998). The two soil series that are dominantly used for sugarcane 

production in Southwest Florida are Margate and Immokalee (US Department of 
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Agriculture. Natural Resources Conservation Service, 1995; Soil survey laboratory 

manual). 

In Florida, 75% of sugarcane acreage is in Palm Beach. Seventy five percent of 

the total harvested tonnage comes from Palm Beach. Sugarcane production (14 million 

tons) was reported in Florida (NASS, 2011). Louisiana (11.3 million tons), Texas (1.7 

million tons) and Hawaii (1.2 million tons) are other states in United States where 

sugarcane is grown commercially. Other countries that contribute most to the world 

sugar production are Brazil, China, India, and Thailand. In 2010, 161,900 metric tons 

(raw value) were the world sugar production. Brazil sugar production was 40475 metric 

tons (25% of the world sugar production). Brazil is the current world largest producer of 

sugarcane. Sucrose, bagasse, ethanol, and molasses are the value added products 

from sugarcane. Sucrose is used as a sweetening agent. Molasses are used to feed 

animals. Bagasse is used as fuel for mills when burnt and for ethanol production. 

Study Overview 

The commercial sugarcane growing area in Florida is located at southern tip of 

Lake Okeechobee. Availability of phosphorus and nitrogen to plants can be obtained by 

monitoring phosphorus and nitrogen concentrations within and below the root zone. The 

root zone is 30 cm from soil surface since the majority of the roots grow within the 

30 cm (Smith et al., 2005). Monitoring phosphorus and nitrogen concentrations below 

the root zone helps in assessing ground water quality deterioration. The phosphorus 

and nitrogen concentrations in perimeter ditches of sugarcane fields should be carefully 

monitored. The phosphorus and nitrogen transported by water canals from sugarcane 

fields in to surrounding waters can also lead to water quality deterioration (Izuno et al., 

1991).  In this study, two sugarcane fields (each of 30 acres) were used to study the 
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spatial distribution of soil physical and chemical characteristics. Soil samples from five 

sample positions determined to have different characteristics in each sugarcane field 

were used to study the phosphorus sorption behavior. Sample positions were 

determined by clustering the values of the characteristics (total carbon, pH, and total 

phosphorus) in to five groups. Characteristic values were arranged in ascending order 

and divided into five groups (each group constituted of 20 sample positions). One 

sample from each of the five groups was obtained to represent each group randomly. 

Deionized water, potassium chloride (0.01M KCl), calcium chloride (0.005M CaCl2), 

simulated Florida rain, and fertilizer mixture were used as supporting electrolytes for 

sorption experiments. The data were subjected to Langmuir, Freundlich, and linear 

equations and linearized sorption coefficients (KD) calculated.  A supporting electrolyte 

that yielded linearized sorption coefficients (KD) value close to fertilizer mixture was 

identified. The linearized sorption coefficients (KD) were used for modeling phosphorus 

movement under saturated and unsaturated conditions. Column leaching experiments 

(saturated and unsaturated) were conducted. For the saturated flow experiment, A 

horizon of Immokalee soil was packed in the column according to the field bulk density. 

For the unsaturated flow experiment, A, E, and Bh horizon materials from Immokalee 

soil were packed in the column. The water table depth for unsaturated flow experiment 

was set at 30 cm for six weeks and later lowered to 50 cm for six weeks. The masses of 

phosphorus and nitrogen for solutions collected from cup E and cup Bh with water table 

set at 30 cm were compared to masses with water table set at 50 cm. The bromide, 

phosphorus, and nitrogen (nitrate and ammonium) concentration data from column 

leaching experiments were used as validation datasets for Hydrus 1D. Break through 



25 

curves were plotted from saturated flow experiment data and simulated. For 

phosphorus, break through curves were modeled using linearized sorption coefficient 

(potassium chloride (0.01M KCl) and fertilizer mixture). A lysimeter study was used to 

investigate the effect of drip irrigation on use efficiency of applied phosphorus and 

nitrogen.  The phosphorus, bromide, nitrate, and ammonium data sets were used to 

validate Hydrus 1D. The statistical tools, root mean square error (RMSE) and mean 

absolute error (MAE), were used to assess how well Hydrus 1D can be validated. 

The hypotheses of this study were; (i) soil characteristics for two dominant sandy 

soils used for sugarcane production in south Florida will vary spatialy and with depth 

and this will lead to different patterns of phosphorus accumulations; (ii) phosphorus 

sorption coefficients (KD) when determined using different supporting electrolytes 

(0.01M KCl, 0.005M CaCl2, simulated Florida rain, deionized water, and fertilizer 

mixture) will significantly differ; (iii) reducing distance between water table and Bh 

horizon through lowering water table from 30 cm to 50 cm depth will increase diffusion 

of phosphorus and nitrogen below the water table for Immokalee soil; (iv) management 

of water table depth after rainfall events will lead to loss of plant available phosphorus 

and nitrogen out of the sugarcane plants’ root zone; (v) drip can be used to maintain 

high plant available nutrients within the root zone and minimize nutrients loss out of the 

root zone; and (vi) phosphorus leaching will be over predicted and or under predicted 

when sorption coefficients determined using different electrolytes are used to model 

phosphorus movement. 
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Soil Nutrient Spatial Distribution 

The two soil series used in this study were Margate and Immokalee. Unlike 

Immokalee with Bh horizon after E horizon, Margate is characterized by Bw after E 

horizon. The Bh horizon is characterized by accumulation of organic matter and 

aluminum with or without iron. The Bw is the transition horizon that is undergoing 

development. That is transition from parent material to soil. The spatial variability study 

was conducted to understand and identify the differences between Immokalee and 

Margate soil series. This was achieved by quantifying the magnitude of soil property 

values. The chemical characteristics measured were soil pH, total carbon, oxalate iron, 

oxalate aluminum, oxalate phosphorus, exchangeable calcium, and total phosphorus. 

The A horizon depth was the physical characteristic measured. The soil samples 

characterized for soil characteristics were sampled from 0-30cm, 30-60cm, and 60-

90cm depths. The pH was measured using soil to water solution of 1:2. The total carbon 

was measured using combustion method with carbon and nitrogen analyzer. Total 

phosphorus was determined using acid digestion method. Oxalate iron, aluminum, and 

phosphorus were extracted using oxalate solution (ammonium oxalate and oxalic acid) 

and analyzed using inductively coupled plasma (ICP). Exchangeable calcium was 

extracted with 0.2M NH4Cl and measured using inductively coupled plasma. The 

physical characteristic measured was A horizon depth. The same application rates of 

phosphorus, potassium, and nitrogen are used on sugarcane fields with different soil 

series (Obreza et al., 1998). The amount of phosphorus, potassium, and nitrogen in 

discharge from a farm unit will depend on the soil characteristics (organic matter, 
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oxalate aluminum, iron, and calcium) of the soil series in that unit. The distribution of soil 

characteristics in sugarcane fields helps researchers to identify positions in agricultural 

fields that are used for monitoring nutrient movement.  

Soil Nutrient Retention Characteristics 

The natural rain and irrigation water dissolves the fertilizer mixture (nitrogen, 

phosphorus, and potassium) applied to meet plant nutrient requirements. The rainy 

season in southwest Florida is between June and August. The solution that leaches out 

of the root zone contains phosphorus, potassium, and nitrogen (ammonium, nitrate, and 

nitrite).  However the phosphorus sorption behavior in a mixture of fertilizers has not 

been explored by researchers. There is need to identify appropriate electrolyte with 

ionic strength that approximates liquid phase in sugarcane fields. The soil horizons from 

five field positions were randomly selected from the two sugarcane fields used for 

spatial variability studies. The sorption experiments were conducted using A and Bh of 

Immokalee soil. The A and Bw horizons of Margate soil were used for sorption study. 

The E horizon acts as a medium through which phosphorus and nitrogen pass to the 

reactive Bw and Bh horizons. Therefore E horizon was not used for sorption study. The 

five soil samples were used as replicates from sugarcane fields. The supporting 

electrolytes that were used for sorption study were potassium chloride (0.01M KCl), 

calcium chloride (0.005M CaCl2), deionized water, and simulated Florida rain. The 

fertilizer mixture (nitrogen, phosphorus, and potassium) was prepared in simulated 

Florida rain. The concentrations of ions in Florida rain are 13.9, 30.7, 9.5, 21.7, 11.7, 

18.3, 1.1 and 17.7 μeq L
-1

 of NO3
-, SO4

2-, NH4
+, Ca2+, Mg2+, Na, K+, and Cl-  respectively 

(Villapando,1997).The linearized sorption coefficient (KD) is used by modelers to model 
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phosphorus and ammonium movement in soils (Simunek et al., 1999). The linearized 

sorption coefficient values from sorption isotherms using potassium chloride (0.01M 

KCl), calcium chloride (0.005M CaCl2), simulated Florida rain, and deionized water were 

compared with the fertilizer. The phosphorus sorption kinetics experiments were 

conducted. The instantaneous sorption fraction (F) and kinetic rate coefficient for 

desorption constant (k2) were used for modeling phosphorus movement. The 

instantaneous sorption fraction (F) and kinetic rate coefficient for desorption constant 

(k2) are inputs for Hydrus 1D since the two site (instantaneous and sorption kinetics) 

model is used to characterize phosphorus sorption. 

 In sugarcane fields, the water table is first set at approximately 30 cm from the 

soil surface for more than three weeks after planting depending on the farmers’ water 

management. The water table is then lowered to approximately 50 cm for the remaining 

crop season. Water table is lowered to 50 cm depth through pumping and water 

channeled to perimeter ditches whenever rain is received in sugarcane field. In this 

study, it is hypothesized that whenever the water table is lowered from 30 cm to 50 cm 

(closer to Bh horizon), diffusion of phosphorus and ammonium below the water table is 

increased. Additionally after rain fall events, significant amounts of phosphorus, 

nitrogen, and potassium are hypothesized to leach out of the root zone through 

management of water table after rainfall events. The water table depths of the columns 

were maintained at 30 cm from soil surface for six weeks then lowered to 50 cm from 

the surface for another six weeks.  

A lysimeter study was used to monitor movement of water, bromide, phosphorus 

and nitrogen within the root zone and plant nutrient uptake. This study was used to 
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investigate whether water and nutrients (nitrogen, phosphorus, and potassium) can be 

managed within the root zone using drip irrigation. The nutrient concentrations in 

sugarcane plants and biomass accumulation were also monitored. The A and E 

horizons were packed in a lysimeter (300 cm by 400 cm) up to 80 cm from the soil 

surface. Two rows of sugarcane plants were grown in the lysimeter. At the bottom of the 

lysimeters were drainage channels for collecting leachates. The sensors installed in the 

lysimeters were used to monitor moisture content. Fertilizer application was carried out 

after sampling soil and tissues for background nutrient concentrations. The fertilizers 

were surface applied close to the rows of the sugarcane plants. The drip emitters were 

built within the sugarcane rows at a depth of 5 to 7.5 cm with a spacing of 30.5 cm and 

irrigation rate of 2271 mLs per hour. Soil sampling was conducted using depth 

increments, 0-15, 15-30, and 30-45 cm. The soil samples were sampled from the 

irrigated zone (20 cm from the center of cane rows) and from non- irrigated zone 

(50 cm from the center of cane rows). All the soil samples were analyzed for 

phosphorus, nitrate, ammonium, bromide, and water content. Moisture content was 

determined by weighing soil before and after oven drying. The moisture content = 

[(mass of wet soil-mass of oven dry soil)/mass of oven dry soil]. Soil samples were 

extracted for phosphorus using Mehlich 1 solution (dilute HCl and H2SO4) and analyzed 

using inductively coupled plasma (ICP). The soil samples were extracted for ammonium 

and nitrate using potassium (2 M KCl). Ammonium and nitrate were analyzed using 

rapid flow method.  
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Modeling Water and Nutrient Movement 

Hydrus simulation environment was used to model water and nutrient movement. 

This can be calibrated to specific soil characteristics to predict nutrient behavior in 

mineral soils and their impact on water quality before conducting field experiments. 

Calibrated models are therefore very helpful in providing data sets for long periods of 

time to determine potential impacts on water quality. Soil cores were sampled from the 

site where soil samples for column leaching experiment were obtained. The cores were 

used to determine bulk density, saturated hydraulic conductivity, and hydraulic 

functions. The linearized sorption coefficient values were also used to study the 

partitioning of applied phosphorus and ammonium in the lysimeter study. The linearized 

sorption coefficient values from sorption experiments (potassium chloride (0.01M KCl), 

calcium chloride (0.005M CaCl2), deionized water, simulated Florida rain, and fertilizer 

mixture) were used for modeling phosphorus movement. The nutrient data from column 

leaching experiment and lysimeter study were used to validate Hydrus 1D. The root 

mean square error (RMSE) and mean absolute error (MAE) were used to identify the 

linearized sorption coefficient value used to model phosphorus movement.  
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CHAPTER2 
LITERATURE REVIEW 

Sugarcane Production in United States 

Sugarcane production can be reported in terms of yield and unit weight of cane or 

sugar per acre (NASS, 2011). Yield per acre can be for sugar and for seed (NASS, 

2011). Sugarcane production can also be for sugar and for seed planted to produce 

additional cane vegetatively (NASS, 2011). Table 2-1 shows the total production values 

for sugar in United States. Florida has consistently registered the total highest cane 

yield compared to other states (Hawaii, Louisiana, and Texas) where sugarcane is also 

commercially grown (Table 2-1).  

Spatial Variability of Soil Properties in Agricultural Fields 

Tillage implements induce changes in agricultural fields that are not uniform 

spatially (Casel, 1983). Soil of top layer is removed from some locations to other 

locations of the agricultural fields. The A horizon depths are reduced in different parts of 

the fields and increased in other parts by tillage and leveling (Brye, 2003; Anderson, 

1999; Casel, 1983). Soil carbon has been reported to vary within the soil orders and 

depth. This results in differences in nutrient retention potentials within the soil orders 

and depths (Guo et al., 2006; Davidson, 1995). Land leveling also played a key role in 

the distribution of total carbon in surface layer (0-15cm) by exposing the sublayers and 

reducing the surface layers in some areas (Mann et al., 2011). The vegetative growth of 

sugarcane and gross yield were reported to show a positive correlation with organic 

matter accumulation in sugarcane fields of Lousiana (Johnson and Richard, 2005). The 

variability in the organic matter leads to variability of sugarcane yields in commercial 

sugarcane fields (Anderson et al., 1999; Johnson and Richard, 2005). This is attributed 
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to un-even vegetative growth of cane plants associated with organic matter distribution. 

The retention of nutrients is affected by changes in organic matter because of its 

important role in reducing leaching of nutrients. Because of higher organic matter 

concentrations in the surface horizons, higher concentrations of phosphorus have been 

reported in surface layer (0-15cm) and this was attributed to fertilization (Mann et al., 

2011).The immobile nature of phosphorus also explains the high phosphorus values in 

the surface layer (0-15 cm).  

Sorption of Phosphorus and Ammonium in Soils 

Sorption of Phosphorus 

The soil properties including, exchangeable calcium, pH, soil organic matter (Zhou 

et al., 1997; Axt and Walbridge, 1999), particle size distribution (Axt and Walbridge, 

1999), amorphous aluminum and iron content (Richardson, 1985; Fox et al., 1990; 

Lockaby and Walbridge, 1998) determine the amount of phosphorus sorbed by soil. 

Sorption of phosphorus is affected by oxic and anoxic conditions. For example iron 

phosphates are solubilized when iron (III) is reduced to iron (II) under anaerobic 

conditions. The phosphorus saturation ratio (PSR) is defined as molar ratio of Mehlich 

phosphorus to sum of Mehlich iron and Mehlich aluminum (Nair and Harris, 2004). The 

phosphorus saturation ratio (PSR) is also defined as molar ratio of oxalate phosphorus 

to sum of oxalate iron and oxalate aluminum (Chakraborty et al., 2011). (Change point 

PSR-PSR)*(Mehlich1ironn+Mehlich1aluminum) equals soil phosphorus storage 

capacity (SPSC).Mehlich1iron plus mehlich1aluminum is proportional to phosphorus 

saturation ratio (Nair and Harris, 2004). (Change point phosphorus saturation ratio - 

phosphorus saturation ratio)*(oxalate iron +oxalate aluminum) equals soil phosphorus 

storage capacity (SPSC) (Chakraborty et al., 2011). 
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 When phosphorus is added to soil, the amount of phosphorus that remains in soil 

solution is determined by sorption-desorption mechanisms (Frossard et al., 1995). 

Sorption of phosphorus by Bh of Immokalee soil is higher than sorption by A and E 

horizons (Li et al., 1997). This is due to the presence of higher amounts of 

aluminum/iron oxides and organic matter in Bh horizons (Mansell et al., 1991; Li et al., 

1997). The Bh horizon acts as a sink for phosphorus under flooded and drained 

conditions (Villapando and Graetz, 2001). Differences in sorption-desorption capacities 

of different soil horizons has an impact on the extent and direction of phosphorus 

transport (He et al., 1999). Sorption of phosphorus on E horizon of a Spodosol was 

reported to be negligible compared to A and Bh horizons. Sorption of phosphorus on Bh 

was greater than on A horizon (Li et al., 1997). The phosphorus sorption isotherms that 

are used to explain the phosphorus sorption data are, Langmuir, Freundlich and linear.  

For the Langmuir isotherm, a plot of ration of equilibrium concentration to sorbed 

concentration (C/S) versus equilibrium concentration (C) is first plotted. The reciprocal 

of the slope is the sorption maximum (Smax). The constant, related to bonding energy is 

calculated using the formula (1/ (K*intercept). The equation, S = (k*Smax*C)/ (1+k*C), is 

used to calculate the model for Langmuir isotherm. Sorption maximum and constant k 

related to bonding energy are calculated from Langmuir adsorption equation (Nair et al., 

1998). To obtain Freundlich isotherm, LnS versus LnC is first plotted. Where S is sorbed 

concentration and C is equilibrium solution concentration. The parameter N is the slope 

and exponential of the intercept is the Freundlich’s constant, Kf of the plot. The model 

plot for Freundlich isotherm is S = KfC
N
. The linear isotherm is the plot of equilibrium 

concentration (C) versus sorbed concentration (S).  
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The ionic strength, pH, electroconductivity, and nature of cations in supporting 

electrolytes used in sorption experiments affect phosphorus sorption behavior (Antelo et 

al., 2005; Namasivayam, 2004; Pardo et al., 1991). Confidence in applicability of 

sorption coefficients from sorption experiments is assured when electrolytes that best 

mimics field conditions are used. Table 2-2 shows the electrolytes in literature that have 

been used to conduct sorption experiments by researchers. 

The rate at which phosphorus reacts is rapid for the first phase and is prolonged 

during the slow phase (Kuo and Lotse, 1974). The fast phase of phosphorus sorption is 

due to reactions on the surfaces of iron and aluminum (Li et al., 1997). The slow phase 

is due to the amorphous hydroxides and oxides aluminum and iron that are developed 

during the experiment (Hsu, 1964). Phosphate adsorption also was reported to increase 

with time (Kuo and Lotse, 1974). The exchange sites in soils are classified by the two-

site sorption concept as type 1 (sorption assumed to be instantaneous) and type 2 

(sorption is time dependent) (Nkedi-Kizza et al., 2006). A study on two acid sandy soils 

showed that two site model describes the kinetics data for times of more than one hour 

(Fiskell et al., 1979). However, the two site model broke down for contact times of less 

than one hour (Fiskell et al., 1979). 

Sorption of Ammonium 

The properties, cation exchange capacity, total carbon, and texture were reported 

to affect ammonium adsorption (Vogeler et al., 2011; Wang and Alva, 2000).  Soil 

horizons with high organic carbon were reported to have higher potential to sorb 

ammonium (Wang and Alva, 2000). The type (vermiculite, illite, kaolinite) and amount of 

clay found in soil determine the amount of ammonium fixed (Evangelou and 

Lumbanraja, 2002). Cations like calcium and potassium ions have been reported to 
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compete with ammonium for the sorption site (Jellali et al., 2010). Ammonium sorption 

has been described by both linear isotherm (Jellali et al., 2010) and Freundlich 

isotherms (Vogeler et al., 2011). 

Leaching of Phosphorus and Nitrogen in Soils 

Leaching of Phosphorus 

The processes, water transport, phosphorus release and sorption, greatly 

influence phosphorus leaching (Djodjic et al., 2004). The phosphorus from agricultural 

land partly contributes to eutrophication of fresh water bodies (Daniel et al., 1998; Izuno 

et al., 1991; Parry, 1998). The sandy nature of Spodosols allows movement of 

phosphorus from A through the eluted E into Bh horizon (Weaver et al., 1988; Guertal et 

al., 1991). The anaerobic conditions created above the Bh horizon through fluctuating 

the water table changes the transport and sorption of phosphorus (Nair et al., 1999). For 

soils with shallow water table, phosphorus can be transported horizontally above the Bh 

to ditches by drainage water (Villapando and Graetz, 2001). The trend for leaching of 

phosphorus was reported to be E > A > Bh for a Spodosol sampled from a citrus grove 

near Fort Pierce, St.Lucie County. This was attributed to very low concentrations of 

organic matter, clay, aluminum and iron (Li et al., 1997) in E and A horizons. 

Column leaching studies have revealed the principles that explain the behavior of 

leaching and sorption of phosphorus. Unlike conservative tracers (bromide, chloride), 

preferential flow is very important in movement of adsorbed solutes (Everts et al., 1989; 

Li and Ghodrati, 1994). Tracers are very important in characterizing solute transport 

(Devine and McDonnell, 2005; Sumner et al., 1996; Lawrence and Richard, 2008) 

because they are non-reactive. Tracer displacement by water is influenced by soil 

texture and rate of water application (Ghuman and Prihar, 1980). The dispersion 
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coefficient which is velocity dependent also increases with the drainage pore sizes 

(Ghuman and Prihar, 1980). Dispersion coefficient and pore water velocities followed 

the order loamy sand > sandy loam > silt loam (Ghuman and Prihar, 1980).  A portion of 

the salts can be rapidly lost in soils that are well structured during heavy rains while the 

rest of it remains in immobile water of the soil mass (Tyler and Thomas, 1981). 

Phosphorus leaching in soil columns increases with the rate at which phosphorus is 

applied and leaching intensity (Logan and Mclean, 1973).  

Leaching of Nitrogen 

The concentrations of nitrogen in leachates can exceed the recommended nitrate 

values established by United States Environmental Protection Agency (USEPA) for 

drinking water (Muchovej et al., 2004). Although water table depth did not significantly 

affect ammonium release in Histosols, nitrogen release increases with increase in water 

table depth (Martin et al., 1997). Nitrification (conversion of ammonium to nitrate) leads 

to rapid decrease in concentrations of ammonium-nitrogen in soil solution when 

fertilization is coupled with irrigation (Mansell et al., 1980). Recommended value for 

nitrogen fertilizers split applications to sandy soils of south Florida is 70 kgNha
-1 

. 

Adhering to this limit helps in attaining EPA standards for drinking water (Muchovej et 

al., 2004). 

Nitrate was microbially denitrified at a velocity of 0.11cm hr
-1

 (21% denitirified) 

(Corey et al., 1967). However there was no immobilization and denitrification at a 

velocity of 1.32 cm hr
-1

 in a study with long acrylic plastic columns containing soil 

(Corey et al., 1967). In a system with unsaturated flow, nitrate gained through 

mineralization and nitrification exceeded the amount lost through immobilization and 
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denitrification (Corey et al., 1967). This was attributed to aerobic conditions that are 

maintained through openings on the sides of the columns.  

The charge characteristics of soil were reported to influence the retardation in 

leaching and partitioning between soluble phases and adsorbed nitrate and chloride 

(Sumner et al., 1996). Nitrate moves at slower velocity at low pH and the flow velocity 

increases when pH is increased (Qafoku et al., 2000). Retardation factor, R, = 1+ 

(KDρ/θ) where KD is linearized sorption coefficient, ρ is bulk density, and θ is soil water 

content. Nitrate movement in a column was reported to be directly proportional to large 

pore spaces and inversely proportional to small pore spaces of soil (Bates and Tisdale, 

1957). Flow velocity was reported to influence movement of nitrate and its denitrification 

moving through soils (Corey et al., 1967). The rate of flow in a porous media packed in 

a column affects the amount of ammonium adsorbed. Ammonium adsorption increases 

with the amount of contact time in the column (Jellali et al., 2010). Ammonium 

decreased with depth in a column study and this was attributed to microbial mediated 

transformations of ammonium to nitrate (Ardakani et al., 1974). 

Modeling Water, Bromide, Phosphorus, and Nitrogen Movement 

Hydrus simulation environment is used to model one and two dimensional 

movement of water, tracer (bromide and chloride), phosphorus and nitrogen in a 

variably saturated media (Hassan et al., 2008).  For solute transport, sorption 

coefficients (KD), kinetic parameters (k2 and F) of phosphorus and ammonium, 

phosphorus and nitrate fertilizer application rates (Simunek et al., 1999) are used to 

calibrate Hydrus 1D and 2D. Modified Richard’s equation (Richards, 1931) is used for 

modeling water flow. The sink term which is defined as the volume of water removed 

per unit time from a unit volume of soil due to plant uptake is embedded in Richards 
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equation. The phosphorus and nitrogen transport are modeled by the convection-

dispersion equations (Renduo, 2000). The root mean square error (RMSE) (Kwon et al., 

2010) and mean absolute error (MAE) (Kandelous, 2010) are used to compare 

simulated values and experimental data. 
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Table 2-1. Sugarcane production for sugar in million tons in States of United States 

States/Year 2010 
1
 2009 

1
 2007

2
 2006

2
 

Florida 14 13.3 13.5 13.7 
Louisiana 11.3 12.6 11.9 11.1 
Hawaii 1.2 1.3 1.5 1.6 
Texas 1.7 1.3 1.4 1.6 
Total 28.2 28.5 28.3 28.0 

Source: 1. NASS, 2011. 2. Source: NASS, 2009 

Table 2-2. Electrolytes in literature used by researchers 

Electrolytes Source 

0.01M KCl Rhue et al., 2006 
0.02M KCl He et al.,1999 
0.05M KCl Zhou and Li, 2001 
0.01M CaCl2 Dou et al., 2009 
0.1 M CaCl2 Rubio et al., 2008 
Deionized water  Drizo et al., 2002 
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CHAPTER 3 
SPATIAL DISTRIBUTION OF SOIL CHARACTERISTICS IN SUGARCANE FIELDS 

Background 

Management practices like tillage and leveling sugarcane fields reduces A horizon 

depth in some locations and increases the depths in other locations. This also results in 

Ap horizon which is not a typical A horizon called a plow layer. The A horizon is the 

surface horizon with higher organic matter than E horizon since most of the vegetation 

grow within A horizon (Johnson and Richard, 2005). Management of phosphorus within 

the A horizon is very crucial since the majority of sugarcane roots grow within 30 cm 

from the soil surface (Pitts et al.,1993).The A horizon has a higher organic matter than 

the eluted E horizon that acts as a medium through which phosphorus moves to the 

water table. Therefore the depth of A horizon determines how much phosphorus a soil 

will retain prior to leaching through the E horizon and out of the root zone. The un-even 

distribution of A horizon depths in the sugarcane fields, leads to un-even distribution of 

plant available phosphorus in the root zone. Rice yield reduction was observed when 

surface layer of soil was cut during land leveling and the authors attributed the reduction 

to decrease in native phosphorus (Walker et al., 2003). 

Amorphous aluminum, iron content (Richardson, 1985; Lockaby and Walbridge, 

1998; Ige et al., 2005), and soil organic matter (Zhou et al., 1997; Axt and Walbridge, 

1999; Ige et al., 2005) are important in studying phosphorus sorption. Organic matter 

associates with iron, aluminum, and calcium that enhance the attraction of negatively 

charged phosphate ion on the exchange site. Aluminum and iron phosphorus 

solubulizes at pH less than 3. Precipitation of phosphorus with iron and aluminum 

occurs at pH between 3-5.2. Phosphorus is most available for plant growth at pH 
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between 5.5 to 7.0. Calcium bound phosphorus is insoluble at pH greater than 7. Soil 

pH is therefore very important in determining the reactions of iron, aluminum, and 

calcium with phosphorus. According to Chakraborty et al., 2011, sum of oxalate-

extractable aluminum and oxalate-extractable iron (acid ammonium oxalate extractable, 

McKeague and Day, 1966) is used to calculate phosphorus saturation ratio (PSR). PSR 

= oxalate phosphorus/ (oxalate aluminum + oxalate iron). Soil phosphorus storage 

capacity (SPSC) was calculated using the equation, (0.15-PSR)*(M1Al+M1Fe) (Nair 

and Harris, 2004). The value, 0.15, was reported to correspond to the critical 

phosphorus solution concentration value of 0.1mgL
-1

 (Nair and Harris, 2004). The PSR 

can also be calculated using the equation, M1P/ (M1Al+M1Fe) (Nair and Harris, 

2004).The soil phosphorus storage capacity estimates the amount of phosphorus a soil 

can retain before exceeding a threshold soil equilibrium concentration (Chakraborty et 

al., 2011). Depending on the change points, soil phosphorus storage capacity can be 

calculated using oxalate phosphorus (Ox.P), Mehlich 1phosphorus (M1P), Mehlich 3 

phosphorus (M3P) and their corresponding aluminum and iron contents. Examples of 

Bh horizons’ equations are, SPSCOx = (Change point PSROx-soil PSROx)*(Ox-

Fe+Ox.Al)*31, SPSCM1 = (Change point PSRM1-soil PSRM1)*(M1-Fe+M1-Al)*31*1.8, 

and SPSCM3 = (Change point PSRM3-soil PSRM3)*(M3-Fe+M3-Al)*31*1.3 (Chakraborty 

et al., 2011). 

A thorough understanding of the distribution of soil characteristics in sugarcane 

fields is important for simulation models that assume homogeneity in terms of soil 

characteristics. Delineating agricultural fields according to soil characteristics helps 

researchers to monitor nutrient movement to lower horizons. In sugarcane fields, 
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 un-even distribution of organic matter accumulation affects vegetative growth of 

sugarcane plants (Johnson and Richard, 2005). This affects yield of sugarcane and 

therefore sugarcane fields can be divided into regions based on the level of production. 

Un-even distribution of native phosphorus due to reduction of surface layer through land 

leveling was also reported to decrease rice yield (Walker et al., 2003). In this study, the 

chemical characteristics determined were soil pH, total carbon, total phosphorus, 

oxalate iron, oxalate aluminum, oxalate phosphorus, and exchangeable calcium. The 

physical characteristic determined was A horizon depth. The hypothesis of this study 

was; (i) soil characteristics for two dominant sandy soils used for sugarcane production 

in south Florida will vary spatialy and with depth and this will lead to different patterns of 

phosphorus accumulations. The objectives of the study were; (i) to identify the pattern of 

distribution of soil characteristics (total phosphorus, total carbon, pH, oxalate iron, 

oxalate aluminum, oxalate phosphorus, exchangeable calcium, and A horizon depth); 

and (ii) group the soil property values according to magnitude of values (pH, total 

phosphorus, and total carbon) and select soil samples for characterizing sorption of 

phosphorus and ammonium. 

Materials and Methods 

Soil Series 

The soil series, Margate (Sandy, siliceous, hyperthermic Mollic Psammaquents) 

and Immokalee (Sandy, siliceous, hyperthermic Arenic Alaquods), are used for 

commercial sugarcane production in southwest Florida. Two sugarcane fields were 

used to identify the differences in the Margate and Immokalee soil series in terms of soil 

properties. The area of each sugarcane field was 30 acres. Soil pH (1:2 H2O), total 
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phosphorus, total carbon, oxalate-extractable iron, oxalate-extractable aluminum, 

oxalate-extractable-phosphorus, exchangeable calcium, and A horizon depth were 

measured.  

The soil horizons of Margate are A, E, and Bw. Margate fine sand is derived from 

marine sediments characterized by underlying limestone (Obreza et al., 1998).  The soil 

horizons of Immokalee are A, E, and Bh. Margate (17.8%) and Immokalee (11.3%) 

contribute 30% of the mineral soils used for sugarcane production in southwest Florida 

(U.S Department of Agriculture, Natural Resources Conservation Service, 1995).  

Sampling and Measurement of Soil Properties 

The commercial sugarcane production and processing company, US Sugar, Inc., 

provided the two sugarcane fields with the two soil series. Out of the 100 sample 

positions, 80 were sampled on a grid and 20 were randomly sampled. According to 

geostatistics analysis, 100 samples are enough for spatial evaluation. The sampling 

designs are shown in Figures 3-1 and 3-2. An auger 3 cm in diameter was used to 

extract soil.  In the field, soil was displayed on the gutters to identify horizon 

designations. The surface A horizon had a darker color than the underlying E horizon. 

After identifying the extent of A horizon, the depth was measured using a ruler. Soil was 

then divided into 0-30, 30-60, and 60-90 cm depths. Soil samples were analyzed for 

total phosphorus, pH, oxalate-extractable aluminum, oxalate-extractable iron, oxalate-

extractable phosphorus, exchangeable calcium, and total carbon after air drying. The 

soil dryer room was set at 45
0
C and soil was kept in the room until when it dried. Air 

dried soil can be sieved easily through a 2 mm sieve. Soil was then sieved through a 2 

mm sieve. 
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Soil pH was measured in a slurry with 1:2 soil to water solution ratio using a glass 

electrode (Sparks, 1996). Air dried soil samples (20 mL) were scooped and poured into 

90 mL plastic cups. Deionized water (40 mLs) were added to the plastic cups and 

stirred with a glass rod. Soil plus deionized water were left to stand for 30 minutes but 

not more than 2 hours. The soil pH was measured while stirring the soil using a 

standardized pH meter (model: AR15; manufacturer: Fisher Scientific). The pH 

standards, 4, 7, and 10 were used to standardize the pH meter. 

Total carbon was determined by combustion method using elemental analyzer, 

Carbo-Erba NA 2500 instrument (Model: NA 2500; manufacturer: CE instruments, Italy) 

(Sparks, 1996). Air dried soil sieved through 2 mm was ground using a grinder in to 

powder form (soil particles that passed through a 0.5 mm sieve). Finely ground soil 

(0.05 g) was weighed and wrapped into aluminum foil and fed into the carbon-nitrogen 

analyzer.  The sample is passed through helium stream set at 1000
o
C followed by 

oxidation at 1800
o
C through instantaneous combustion. The values of total carbon were 

obtained using a calibration curve derived from total carbon values of standard soil 

samples. Different masses, 10 mg, 20 mg, and 40 mg, of standard whose total carbon 

content is known were used to make a calibration curve.  

Total phosphorus was determined by digestion method (Bowman, 1988). Soil was 

first ground into soil particles that can pass through 0.5 mm sieve. Air dried ground soil 

(2 g) was added into digestion tubes. Concentrated sulfuric acid (2 mL) was added and 

the tubes inserted into a block heated at 340oC for 1 hr. The digestion tubes were then 

removed and allowed to cool for 5 minutes. Thirty percent hydrogen peroxide (0.5 mL) 

was then added and digested in the same block for an additional 15 minutes. This was 
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followed by cooling. Additions of hydrogen peroxide, heating and cooling steps were 

repeated until solutions were clear.  Hydrogen peroxide was then evaporated by heating 

in blocks for 45 minutes. After cooling total phosphorus was measured using a 

spectrophotometer (model: DR/4000U; manufacturer: HACH company). Standard 

solutions of known phosphorus values (4, 8, 12, and 16 ppm), were added to known 

volumes of phosphate reagent to form a characteristic blue color. Solutions put into vials 

were fed in to fittings in the spectrophotometer (model: DR/4000U; manufacturer: HACH 

company) to obtain a calibration curve (absorbance verses known concentrations). The 

calibration curve was used to obtain total phosphorus values corresponding to the 

absorbance of the samples. Samples were also added to phosphate reagent before 

feeding them in the spectrophotometer (model: DR/4000U; manufacturer: HACH 

company). 

Oxalate-extractable iron, aluminum, and phosphorus were determined by 

extraction with 0.1M oxalic acid + 0.175M ammonium oxalate (pH=3) solution 

(McKeague and Day, 1966). The extraction solution was prepared by combining 700 

mLs of 0.2 M ammonium oxalate and 535 mLs of 0.2 M oxalic acid followed by adjusting 

pH to 3 by adding aliquots of either reagent (McKeague and Day, 1966).  One gram air 

dried soil was weighed into a 50 mL centrifuge tube. A repipet dispensing bottle was 

used to add 25 mL of the acid oxalate solution (ammonium oxalate and oxalic acid) and 

the tube capped tightly. The centrifuge tubes were wrapped with aluminum foil to keep 

dark and prevent evolution of oxalate solution. The tubes were then placed on a 

reciprocal shaker (manufacturer: Eberbach) and shaken at low speed for four hours. 

The soil solution were centrifuged at 2000 rpm using a centrifuge (model: Sorvall ST 
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16R and manufacturer: Thermo Scientific) for 20 minutes and decanted into a container. 

Inductively coupled plasma (model: Optima 700 DV; manufacturer: Perkin Elmer) was 

used to analyze solutions for oxalate-extractable iron, aluminum, and phosphorus.  

Exchangeable calcium was determined using a leaching tube method (soil survey 

staff, 1996). Five grams were weighed into 50 mL centrifuge tubes. A volume, 30 mLs, 

of 0.2 M NH4Cl were added, capped and shaken at high speed 60 rpm for 5 minutes 

using a reciprocating shaker (manufacturer: Eberbach). Soil solutions were centrifuged 

at about 4000 rpm and decanted into 250 mL volumetric flasks. Additions of 30 mLs of 

0.2 M NH4Cl, capping, shaking, centrifuging, and decanting were repeated three more 

times. The supernatants were combined and made up to the full volume (250 mLs) with 

0.2 M NH4Cl. The solutions were analyzed for exchangeable calcium using inductively 

coupled plasma (model: Optima 700DV and manufacturer: Perkin Elmer). The units of 

exchangeable calcium (Ca) was centimoles of cation charge per kilogram (cmol kg
-1

), 

the formular used was, exchangeable Ca = (M
n+

xVxn)/(WxA) where M
n+

 is 

concentration of cation in extract(ppm), Volume V is 250 mLs, n is valence 2, W is 

weight of soil (5 g), and A is atomic weight of calcium (40). 

Results and Discussion 

The frequencies of the soil property values in sugarcane fields and the shapes of 

the histograms are shown in figures A-1 to A-44.The A horizon maximum values for 

Immokalee and Margate fields were 70 cm and 80 cm respectively (Tables 3-1 and 3-2). 

The minimum values of A horizon for Immokalee and Margate fields were 13 cm and 10 

cm respectively (Table 3-1 and 3-2) and the ranges (maximum minus minimum) values 

for Immokalee and Margate fields were 57 cm and 60 cm respectively. The variability in 
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A horizon depth for both sugarcane fields is due to land leveling that is carried out to 

attain a relatively flat surface and tillage implements that are used for management 

practices (Casel, 1983; Brye, 2006). Brye,(2006) found a decrease in organic matter, 

total carbon, soil extractable phosphorus and increase in soil pH in the top 10 cm after 

land leveling.  The decrease in soil extractable phosphorus, organic matter, and total 

carbon is probably due to reduction in A horizon depth. The A horizon depths were 

normally distributed with mean of 36.4 cm for Immokalee and 25.5 cm for Margate 

approximating median of 34.5 cm for Immokalee and 22 cm for Margate for both fields 

(Tables 3-1 and 3-2). The A horizon depth of 18 cm for Immokalee soil was reported by 

Hyde and Ford, 1989 near water well sites. Stutter et al., 2008 identified a positive 

correlation between O horizon depth and carbon. The authors identified differences in O 

horizon depth for different soil series.  

Differences in total carbon mean values (0-30 cm) for both soil series are due to 

differences in decomposition of organic matter and land leveling (Tables 3-1 and 3-2). 

According to study by Brye, (2006), land leveling significantly reduced organic matter 

and total carbon in the upper 10 cm. The author compared total carbon values from the 

pre and post leveled fields and attributed the reduction in values to the exposure of 

subsoil (E horizon) which is non-retentive. Total carbon values (0-30 cm) for the two 

fields were normally distributed (Tables 3-1 and 3-2). Mean total carbon for 0-30cm 

(15.3 g kg
-1

 for Immokalee and 13.4 g kg
-1

 for Margate) approximated median values 

(15 g kg
-1

 for Immokalee and 12.7 g kg
-1

 for Margate). Mean total carbon value  

(0-15 cm), 12 g kg
-1

, for a sugarcane field with mostly Basinger sand, and small areas 

of Wabasso fine sand (sandy,siliceous, hyperthermic Albic Alaquods) and Margate fine 



48 

sand was reported by Obreza et al.,(1998). The matched t-test was used to identify the 

significant difference at 95% confidence interval in magnitude of values using with or 

without equal variance procedure (Brye, 2006). For both fields, total carbon values (0-30 

cm) were significantly greater than total carbon (30-60 cm) (P < 0.01 for Immokalee and 

Margate). The total carbon values at 0-30 cm for both fields were significantly greater 

than total carbon at 60-90 cm (P < 0.01 for Immokalee and Margate). This is due to the 

presence of A horizon at the 0-30 cm depth and E horizon in 30-60 cm and 60-90 cm 

depths. The similarity in total phosphorus at 0-30 cm for the two sugarcane fields  

(119.3 µg g
-1

 for Immokalee and 125.1 µg g
-1

 for Margate) is attributed to the same 

phosphorus application rate used by the farmers. Farmers in southwest Florida use the 

typical application rates of 50 kg P2O5 ha
-1

, 200 kg K2Oha
-1

 and 200 kg Nha
-1

 (Obreza 

et al., 1998). The high mean value of total phosphorus in the 0-30 cm compared to  

30-60 cm and 60-90 cm (Table 3-1 and Table 3-2) are attributed to phosphorus 

application on the soil surface. Phosphorus is applied on the soil surface to meet plant 

nutrient requirements and is considered to be immobile. A study conducted by Mann et 

al., 2011 reported higher values of phosphorus in the depth of 0 to 15 cm. The authors 

explained that the high values in the surface layer (0-15 cm) were due to phosphorus 

fertilization. Total phosphorus values at the 0-30 cm depth for the two fields were 

normally distributed. Mean total phosphorus values (119.3 µg g
-1

 for Immokalee and 

125.1 µg g
-1

 for Margate) approximate median values (112.8 µg g
-1

 for Immokalee and 

117.2 µg g
-1

 for Margate).  Total phosphorus values at 0-30 cm for both fields were 

significantly greater than values at 30-60 cm (P < 0.01 for Immokalee and Margate 

field). Total phosphorus values at 0-30cm were significantly greater than values at  
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60-90 cm (P < 0.01for Immokalee and P < 0.01 for Margate). Soil phosphorus spatially 

varied in pastures and authors identified normal and lognormal distribution patterns in 

the data for soil samples collected from 0-15 cm depth (Daniels et al., 2001). 

The pH values at 0-30 cm for the two fields were normally distributed (Table 3-1 

and 3-2).  Unlike the Immokalee field where pH values at 0-30 cm were significantly 

greater than values at 30-60 cm (t-statistic (8.93)>t-critical (1.65)), the values were not 

significantly greater (t-statistic (-3.05) <t-critical (1.65)) for Margate field. For both fields, 

pH values (0-30 cm) were not significantly greater than values (60-90 cm) (t-statistic (-

1.40) <t-critical (1.65) for Immokalee and (t-statistic (-4.84) <t-critical (1.65) for 

Margate). A pH range, 5.6 to 8.2 (for 0-15 cm depth), for a sugarcane field that was 

dominated by Basinger sand, and small parts of Wabasso fine sand (sandy, siliceous, 

hyperthermic Albic Alaquods) and Margate fine sand was reported by Obreza et al., 

1998.The oxalate iron and oxalate aluminum values (0-30 cm) were normally distributed 

(mean values approximates median values) for the two sugarcane fields. For the both 

fields, oxalate aluminum values for 0-30 cm were significantly greater than 30-60 cm 

and 60-90 cm (P=<0.001). Oxalate iron at 0-30 cm was significantly greater than  

30-60 cm and 60-90 cm (P=<0.001) for both fields. The pattern of iron and aluminum 

(both cations) is probably due to the distribution of total carbon that is very important in 

nutrient cycling. The negatively charged surfaces of organic matter tend to attract 

positively charged iron and aluminum. Unlike for Margate field, exchangeable calcium 

values at the 0-30 cm and 30-60 cm depths were normally distributed for Immokalee 

field. Mean exchangeable calcium values (29.8 cmolc kg
-1

 for 0-30 cm and  

20.8 cmolc kg
-1

 for 30-60 cm) for Immokalee field approximate median values  
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(28.3 cmolc kg
-1

 for 0-30 cm and 19.1 cmolc kg
-1

 for 30-60 cm). Mean exchangeable 

calcium values (53.7 cmolc kg
-1

 for 0-30 cm and 29.9 cmolc kg
-1

 for 30-60 cm) for 

Margate field do not approximate median values (46.3 cmolc kg
-1

 for 0-30 cm and  

15.4 cmolc kg
-1

 for 30-60 cm).   Exchangeable calcium values at 0-30 cm for both fields 

were significantly greater than values at 30-60 cm (P < 0.01 for Immokalee and 

Margate). Exchangeable calcium values at 0-30 cm were not significantly different for 

Immokalee field (P = 0.06) and significantly greater than values at 60-90 cm depth for 

Margate field (P < 0.01). 

Because E horizon was explored for the depth of 30-60 cm, values of total carbon 

at 30-60 cm were lower than the values at 0-30cm for both fields (Tables 3-1 and 3-2). 

Mean total carbon values at 0-30 cm were 15.3 g kg
-1

 soil and 13.4 g kg
-1

 soil for 

Immokalee and Margate respectively (Tables 3-1 and 3-2). The mean total carbon 

values at 30-60 cm were 8.5 g kg
-1

 soil and 3.7 g kg
-1

 soil for Immokalee and Margate 

soil respectively.  The E horizon typically has low values of total carbon or no carbon 

values (Li et al., 1997).  Values of total phosphorus, oxalate aluminum, exchangeable 

calcium, and iron at 30-60 cm were lower than values at 0-30 cm.  Since values of total 

carbon at 30-60 cm were lower than the 0-30 cm depth, complexation of organic matter 

with phosphorus, aluminum, and iron was lower (Brye, 2006). These soil concentrations 

explain the low values of total phosphorus, aluminum, and iron for the depth of  

30-60 cm. The total carbon at 30-60 cm for both fields were not significantly different 

from values at 60-90 cm (P = 0.08 for Immokalee and P = 0.25 for Margate). For both 

fields, E horizon was most explored for the depth of 60-90 cm. This explains the 
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similarity in distribution of total carbon in both fields. Unlike in Immokalee soil where pH 

values at 30-60 cm depth were significantly greater than values at 60-90cm (t-statistic 

(2.68) >t-critical (1.65)), the values were not significantly different for Margate (t-statistic 

(-1.89) < t-critical (1.65)). Sampling portions of Bh in some positions of sugarcane fields 

must have led to the reductions of measured pH values at 60-90 cm depth. Total 

phosphorus values at 30-60 cm were significantly greater than values at 60-90 cm (t-

statistic (2.65) >t-critical (1.65)) for Immokalee due to portions of A horizon sampled and 

probably native phosphorus but were not significantly different for Margate (t-statistic 

(1.41) < t-critical (1.65)). Oxalate-extractable aluminum (30-60 cm) values were 

significantly lower than values at the 60-90 cm depth for Immokalee (P = 0.005) and 

Margate (P=<0.001). This is probably due to sampled portions of Bh horizon in 

Immokalee soil and thin layers of Bt horizon in Margate soil. Oxalate iron values at  

30-60 cm were also significantly lower than values at 60-90 cm depth (P=<0.001 for 

Immokalee and greater for Margate (P=0.042). The decrease in oxalate iron and 

aluminum with depth is due to the distribution of organic matter that follows the same 

trend. Organic matter surfaces (negatively charged) will react with positively charged 

metals (aluminum and iron). Exchangeable calcium values at 30-60 cm were 

significantly lower than values at 60-90 cm depth (P = 0.02) for Immokalee and were not 

significantly different for Margate field (P = 0.053). 

The maximum value of total carbon for depth of 60-90 cm is higher for Immokalee 

soil (77.4 g kg
-1

 ) than for Margate soil (19 g kg
-1

 ) (Table 3-1 and Table 3-2). This is 

attributed to the Bh horizon that is sampled at the depth increment of 60-90 cm. Unlike 

Bw horizon which is a transition horizon, Bh is the zone of organic matter accumulation. 
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The pH values at 60-90 cm are higher for the field with Margate soil (7.9) than with 

Immokalee soil (7.1) (Tables 3-1 and 3-2). This is due to the underlying lime stone in the 

field with Margate soil. The mean aluminum values for Immokalee soil followed the 

order 60-90 cm (312.2 mg kg
-1

) > 0-30 cm (285 mg kg
-1

) > 30-60 cm (209.1 mg kg-1) 

(Table 3-1). The Bh horizon was sampled at a depth of 60-90 cm for most of the 

locations. The Bh horizon is the horizon in the Immokalee soil profile that accumulates 

organic matter, aluminum, and with or without iron. This explains the trend in the data. 

The mean values for oxalate iron for Immokalee soil followed the trend 0-30 cm >  

30-60 cm > 60-90 cm (Table 3-1). The pH values for the two depths (30-60 cm and  

60-90 cm) from the two sugarcane fields were normally distributed. The aluminum and 

iron maximum (1270 mg kg
-1 

for aluminum and 546.5 mg kg
-1

 for iron) values for 

Immokalee soil at 60-90 cm were due to Bh horizon influence (Table 3-1). Percent 

organic matter for surface, subsurface, and deep horizons decreased with depth (Iqbal 

et al., 2005). In a study that involved measurement of organic matter content at  

0-15 cm, 15-30 cm, 30-45 cm, and 45-60 cm depths in a heterogeneous citrus grove, 

values decreased with depth (Mann et al., 2011). Total phosphorus decreased with 

depth and the authors attributed the decrease to the immobile nature of phosphorus 

(Walker et al., 2003). Mallarino and Borges, 2006 identified a decreasing soil test 

phosphorus values with depth in fields with no till and where chisel disk tillage was 

adopted. The athours explained that the pattern in vertical distribution of phosphorus 

was due to differences in crop uptake, nutrient native phosphorus, nutrient recycling and 

mobility in soil. 

For the Margate soil, correlation coefficients (R) at 95% confidence interval 
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 (α = 0.05) of total phosphorus to the measured soil properties for 0-30 cm follows the 

trend, total carbon (0.48) > oxalate aluminum (0.32) > oxalate iron (0.21) > 

exchangeable calcium  (0.1) > pH (0.022). For the 30-60 cm depth, R values follows the 

trend total carbon (0.51) > oxalate aluminum (0.18) > pH (0.17) > exchangeable calcium 

(0.06) > oxalate iron (0.01). The correlation values for 60-90 cm depth followed the 

same trend as 0-30 cm depth, total carbon (0.65) > oxalate-extractable aluminum (0.18) 

> exchangeable calcium (0.17) > oxalate-extractable iron (0.04) > pH (0.03). The 

correlation values show that total carbon plays an important role in determining the 

distribution of total phosphorus in sugarcane fields with Margate soil. This is attributed 

to the role of organic carbon in nutrient cycling. For the Immokalee soil, correlation 

values for 0-30 cm depth followed the trend pH (0.47) > exchangeable calcium (0.3) > 

total carbon (0.28) > oxalate-extractable iron (0.23) > oxalate aluminum (0.17). The 

correlation values for 30-60 cm were oxalate-extractable aluminum (0.30) > total carbon 

(0.28) > oxalate-extractable iron (0.17) > exchangeable calcium (0.1) > pH (0.08). The 

order of correlation values for 60-90 cm depth was total carbon (0.38) > exchangeable 

calcium (0.2) > oxalate-extractable aluminum (0.22) > pH (0.14) > oxalate-extractable 

iron (0.09). Unlike in Margate soil where total carbon determined distribution of total 

phosphorus at all the depth increments, pH and total carbon determined the distribution 

at 0-30 cm depth, oxalate-extractable aluminum and total carbon at 30-60 cm and 

 60-90 cm depths. Although other measured soil characteristics determined phosphorus 

distribution at different depths, total carbon remains a key factor in Immokalee soil. Roel 

and Plant, 2004 identified a positive correlation between soil test phosphorus and 
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organic matter and negative correlation between pH and organic matter in rice fields. In 

this study, the authors sampled soil from 0-30 cm depth using 30 m grid.  

When 8 cm increments were used to divide the sugarcane fields according to A 

horizon depths, the percentage distribution in Margate field followed the trend, 19-27 cm 

(44% ) > 10-18 cm (22%) and 28-35 cm (22%) > 37-45 cm (5.5%) > 50-58 cm (3.3% ) 

and 60-80 cm (3.3%). The trend, 22-30 cm (33%) > 31-39 cm (28% ) > 40-48 cm (17%) 

> 49-57 cm (8% ) and 60-70 cm (8%) was calculated for Immokalee field. For the 

Margate field, 88% of A horizon depth range from 10 cm to 35 cm. Seventy eight 

percent of the A horizon depth range from 22 cm to 48 cm for Immokalee field. 

Concluding Remarks 

The measured values for the soil properties from two sugarcane fields revealed 

that soil characteristics vary spatially and with depths. Land leveling results in un-even 

distribution of A horizon depths in sugarcane fields. This will affect the availability of 

nutrients within the root zone if the A horizon depth is reduced to less than 30cm. The E 

horizon is categorized as a horizon that exhibits minimal interaction with phosphorus, 

potassium, and ammonium. Characteristics like oxalate-extractable iron and oxalate-

extractable aluminum tremendously reduced for 30-60 and 60-90 cm depths both fields 

where E horizon was most explored. 

Unlike in Margate soil, accumulation of organic matter in the Bh horizon has been 

reflected in maximum total carbon values for 60-90 cm depth for Immokalee soil. The 

underlying limestone in Margate soil is reflected in high pH values for 60-90 cm depth. 

Conducting a study on distribution of soil properties in sugarcane fields is essential 

before studying nutrient movement. The vertical and lateral distribution of total 
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phosphorus was attributed to differences in nutrient cycling, depth of A horizon, and 

native phosphorus. 

When correlation coefficients between total phosphorus and measured soil 

characteristics were compared, total carbon was the most important characteristic that 

determined the distribution of total phosphorus in both fields. This emphasizes the 

importance of A horizon depth in sugarcane fields. Exposure of the eluted E horizon will 

result in leaching of applied nutrients and less available nutrients for plant uptake. 

This study has revealed that modelers of nutrient movement in sugarcane fields 

should not assume that soil characteristics are uniformly distributed. Farmers should 

consider demarcating sugarcane fields according soil characteristics to help farmers 

monitor sugarcane yield as function of soil characteristics. The hypothesis, soil 

characteristics for two dominant sandy soils used for sugarcane production in south 

Florida will vary spatialy and with depth and this will lead to different patterns of 

phosphorus accumulations, has been proven after observing variability in soil 

characteristics. After using two sugarcane fields with Immokalee and Margate soil and 

correlating soil characteristics with total phosphorus, total carbon determined most the 

accumulation of phosphorus. 



56 

Table 3-1. Exploratory statistics of soil properties for Immokalee soil  

Soil Property Mean Median StDev
. 

Min. Max. Skew. Kurtosi
s 

Total carbon 1(g kg
-1

) 15.3 15.0 4.2 8.3 25.1 0.5 0.44 

Total carbon 2 (g kg
-1

) 8.5 6.6 5.7 0.0 27.6 1.3 1.3 

Total carbon 3 (g kg
-1

) 11.0 6.1 12 1.2 77.4 2.6 9.5 

pH 1 7.0 6.9 0.44 6.3 8.2 0.66 -0.16 
pH 2 7.2 7.3 0.47 5.9 8.3 -0.18 0.08 
pH 3 7.1 7.0 0.52 5.9 8.4 0.5 0.10 

Total P1(µg g
-1

) 119.3 112.8 44.1 33.4 348.2 1.9 7.1 

Total P2 (µg g
-1

) 63.5 53 34.2 7.1 170.6 0.96 0.47 

Total P3(µg g
-1

) 51.0 40.7 32.5 3.6 172.3 1.4 2.3 

Oxalate Al 1(mg kg
-1

) 285 285 59.7 195.2 484.8 0.86 0.34 

Oxalate Al 2(mg kg-1) 209.1 182.3 103 74.3 870.8 3.4 18.3 

Oxalate Al 3(mg kg
-1

) 312.2 203.8 262.8 69.2 1270 2.1 3.7 

Oxalate Fe 1(mg kg
-1

) 237.6 224.6 48.6 155 377.8 0.78 0.14 

Oxalate Fe 2(mg kg
-1

) 178.4 146.2 113.9 79.7 104.5 5.00 35.3 

Oxalate Fe 3(mg kg
-1

) 129.5 95.8 111.7 18.1 546.5 1.9 3.5 

Oxalate P 1(mg kg
-1

) 32.70 31.0 20.3 2 84.7 0.46 -0.32 

PSR 0.059 0.059 0.034 0.004 0.123 0.118 -1.03 
Exchangeable Ca1(mg kg-1) 29.8 28.3 11.1 11.8 89.8 2.0 8.1 
Exchangeable Ca2(mg kg-1) 20.8 19.1 9 6.0 47.2 0.8 0.2 
Exchangeable Ca3(mg kg-1) 25.6 18.6 19.6 5.8 104.7 1.6 2.7 
A horizon (cm) 36.4 34.5 11.9 13 70 0.85 0.35 

1= 0-30 cm, 2= 30-60 cm, 3= 60-90 cm, StDev=Standard deviation, Min. =Minimum, 
Max.=Maximum, Skew. =Skewness, Ca = Calcium, PSR= Phosphorus saturation ration, 
Al = Aluminum, Fe = Iron, P = Phosphorus 
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Table 3-2. Exploratory statistics of soil properties for Margate soil  

Soil Property Mean Median StDev. Min. Max. Skew. Kurtosis 

Total carbon 1 (g kg
-1

) 13.4 12.7 6.4 1.9 35.5 0.40 0.4 

Total carbon 2 (g kg
-1

) 3.7 2.0 5.4 0.6 38.8 4.60 25.2 

Total carbon 3 (g kg
-1

) 3.0 1.7 3.5 0.6 19.0 2.90 9.0 

pH 1 7.4 7.3 0.56 6.1 9.0 0.5 0.4 
pH 2 7.7 7.5 0.68 6.0 9.3 0.5 -0.2 
pH 3 7.9 7.8 0.75 6.3 9.5 0.3 -0.8 

Total P1 (µg g
-1

) 125.1 117.2 59.1 15.5 363.9 1.0 2.0 

Total P2 (µg g
-1

) 41.9 33.3 34.5 4.4 225.5 2.9 10.7 

Total P3 (µg g
-1

) 32.8 26.8 29.5 3.4 235.9 4.0 24.4 

Oxalate Al1 (mg kg
-1

) 266.6 276.8 100.1 57.6 490.8 -0.02 -0.62 

Oxalate Al 2 (mg kg
-1

) 110.5 88 78.3 36.6 462.3 2.57 8.1 

Oxalate Al 3 (mg kg
-1

) 136.7 108.2 78.1 57.5 532 2.36 7.6 

Oxalate Fe1(mg kg
-1

) 385.5 376 185.5 28.1 931.8 0.40 -0.22 

Oxalate Fe 2 (mg kg
-1

) 127.6 103 94.2 38.6 498.3 1.9 3.6 

Oxalate Fe 3 (mg kg
-1

) 148.4 110 96 44 470.3 1.43 1.48 

Oxalate P 1 (mg kg
-1

) 59.1 36 51.8 2.1 211 1.32 1.24 

Oxalate P 3 (mg kg
-1

) 43.8 21.8 47.1 3.3 231.6 1.7 2.4 

PSR-1 0.064 0.049 0.05 0.003 0.204 0.939 0.272 
PSR-3 0.148 0.101 0.15 0.023 0.808 2.72 8.2 
Exchangeable Ca 1(mg kg-1) 53.7 46.3 31.5 6.8 161.8 1.5 2.3 
Exchangeable Ca 2 (mg kg-1) 29.9 15.4 37.8 29.9 204.4 3.0 9.4 
Exchangeable Ca 3 (mg kg-1) 33.1 12.9 44.3 1.30 199.6 2.1 4.1 
A horizon (cm) 25.5 22 12.3 10 80 2.2 6.2 

1= 0-30 cm, 2= 30-60 cm, 3= 60-90 cm, StDev=Standard deviation, Min. =Minimum, 
Max. =Maximum, Skew. =Skewness, Ca = Calcium, PSR = Phosphorus saturation 
ration, Al = Aluminum, Fe = Iron, P = Phosphorus 
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Figure 3-1. Sampling design from a sugarcane field with Margate soil series. Data 

source: www.fgdl.org  Image source: www.labins.org .  

http://www.fgdl.org/
http://www.labins.org/
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Figure 3-2. Sampling design from a sugarcane field with Immokalee soil series. Data 

source: www.fgdl.org  Image source: www.labins.org    

 

 

 

http://www.fgdl.org/
http://www.labins.org/


60 

CHAPTER 4 
SATURATED HYDRAULIC CONDUCTIVITY AND SOIL WATER RETENTION CURVE  

Background 

Saturated water and residual water contents are used as model parameters for 

modeling water movement in soil (Mmolawa and Or, 2003; Kandelous and Simunek, 

2010; vanGenuchten, 1980). Soil is saturated when all the pore spaces are filled with 

water and the water content is known as saturated water content. Residual water 

content is essentially the water content at the permanent wilting point (pressure, 

 h, = -1500cm).The residual water content is obtained using water retention curve at a 

large negative pressure value (van Genuchten, 1980). Conductivity is defined as soil’s 

ability to transmit water, thus, the rate at which a saturated soil transmits water is called 

saturated hydraulic conductivity (Ksat) and is used to model water movement 

(Kandelous and Simunek, 2010).The saturated hydraulic conductivity (Ksat) remains 

constant regardless of the changes in water pressures and fluxes. Saturated water 

content, residual water content, and saturated hydraulic conductivity (Ksat) value can be 

determined experimentally under laboratory conditions. The hydraulic conductivity is 

affected by pore size distribution, structure, bulk density, and total porosity. When 

determining saturated hydraulic constant (Ksat), soil cores are saturated and connected 

to a constant head device. The head is adjusted until water starts flowing through the 

soil core from the bottom. Water flowing through the core is measured as a function of 

time. Flux (q) = -Ksat (H1-H2)/(x1-x2). Where H (h+z) is the pressure head. The 

numbers, 1 and 2, represent bottom and top positions of the soil core. Flux (q) is 

calculated by dividing the collected volume (Q) by product of cross section area (A) and 
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time (t). The water content (g g
-1

) of a saturated soil under laboratory conditions is given 

by the equation, (mass of saturated soil – mass of oven dry soil) /mass of oven dry soil.  

The water retention curve is the plot of moisture content versus pressure or 

pressure head (van Genuchten, 1980). Texture (particle size distribution), structure 

(arrangement of soil particles), and organic matter determine the water retention curve. 

Organic matter is hydrophilic in nature and affects the soil structure. When determining 

moisture retention curve, soil cores are subjected to varying pressures and 

corresponding moisture contents determined. In this study, water retention curve and 

Ksat were determined. The hypothesis was; (i) the retention curve constants (α, n, and 

m), saturated water content, residual water content, and  saturated hydraulic 

conductivity (Ksat),  values for A , E, and Bh horizons of sandy Immokalee soil will be 

different when determined experimentally. The objectives were;(i) determine moisture 

retention curve, saturated hydraulic conductivity (Ksat) values, saturated moisture 

contents, and residual moisture contents for A, E, and Bh horizons that are used for 

modeling water transport; and (ii) Use vanGenuchten model to calculate parameters m, 

n, and alpha (α) from water retention curve. 

Materials and Methods 

The cores used to sample soil horizons were first weighed. Soil cores of A, E, and 

Bh horizons were sampled from three locations. Triplicates of three horizons (A, E, and 

Bh) were therefore sampled. The soil cores were wrapped in white plastic bags and put 

in a cooler.  The cores were taken to the laboratory and prepared to attain flat surfaces 

on both sides.  A flat knife was gently placed on top and bottom of the soil core and the 

soil that was not inside the core was removed.  They were then wrapped in white 
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cheese cloth. After wrapping the cores, they were then saturated by placing the cores 

on water filled trays. The soil cores were saturated overnight. The cheese cloth was 

taken off the samples. The samples were put in tempe cells to fully saturate. The 

weights of the saturated cores were recorded. All the cores were subjected to 

pressures, 10, 18, 32, 56, 100, 316, 1000, 1500 Kpa.  Different lengths of water 

columns were imposed on the core rings. The pressures were imposed on the cores 

until no water was witnessed dropping out of the cores. After each pressure treatment, 

cores were reweighed to obtain moisture content values. The soil water retention curve 

is the plot of moisture contents versus pressures. The moisture data were modeled 

using vanGenuchten model (vanGenuchten, 1980). 

For saturated hydraulic conductivity determination, triplicates of soil cores from soil 

horizons (A, E, and Bh) were sampled. The cores’ internal diameter and height were 7.3 

cm and 3 cm respectively. The calculated area and volume of the cores were 22.91 cm
2
 

and 68.73 cm
3
 respectively. The soil cores were saturated and water was introduced 

from the bottom until when a steady flow state was attained. After a steady state flow 

state was reached, the volume of water (Q) passing through the core at a specified time 

(t) was measured. The flux (q) is calculated using the equation Q/At. The flux also is 

calculated using the equation, -Ksat (H1-H2)/(x1-x2). Where H1 and H2 are the 

pressure heads at bottom (x1) and top (x2) core positions. 

The texture of the soil was determined by weighing 50 g of air dried soil into  

500 mL Erlemeyer flask. The organic matter was removed from A horizon by subjecting 

the soil to hydrogen peroxide. The hydrometer method was used to determine 

percentages of clay, silt, and sand (soil survey laboratory methods manual, 1992). 
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Results and Discussion  

The saturated hydraulic conductivity (Ksat) values followed the order A  

(21.4 cm hr
-1

) > E (6 cm hr
-1

) > Bh (1.57 cm hr
-1

) (Table 4-1).The water needed to 

saturate soil horizons follows the order Bh (0.35 cm
3 

cm
-3

) > A (0.3 cm
3 

cm
-3

) > E 

 (0.26 cm
3
cm

-3
) (Table 4-1; Figures 4-1, 4-2, and 4-3). Figures 4-1, 4-2, and 4-3 show 

that increase in pressure from 10 Kpa to 18 Kpa lead to drastic decrease in moisture 

content. The drastic decrease in moisture content was more pronounced in E horizon 

followed by A and least in Bh horizon. After 18 Kpa, moisture content gradually 

decreased with increases in pressure.  The texture for the different horizons are; A 

horizon (96.8% sand, 2% silt, and 1.2% clay), E (98% sand, 0.9% silt, and 

 1.1% clay) and Bh (89% sand, 3% silt, and 8% clay).This means that Bh horizon will 

hold more water than A and E at saturation and is attributed to higher clay content in Bh 

horizon.  At much higher negative pressure, Bh horizon will hold more water than A and 

E horizons.  A slight decrease in pressure causes a sharpest decrease in moisture 

content for E horizon, followed by A, and least in Bh and this is due to texture and 

structure of the E horizon (Figures 4-1, 4-2, and 4-3). The E horizon essentially consists 

of large sized sand particles which on arrangement lead to large pore sizes that empty 

quickly with slight decrease in pressure. Since E horizon has the highest percentage of 

sand compared to A and Bh horizons it holds the least amount of water at large 

negative pressure head (-1500cm) (Figure 4-2). Unlike A horizon with more organic 

matter and Bh with higher amounts of clay, E has very low organic matter and very low 

clay percentage. Organic matter and clay reduce the size of pores in soil horizons and 

for this study pore size follows the order, Bh > A > E. The shapes of moisture release 
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curves (Figures 4-1, 4-2, and 4-3) are determined by the pore sizes, pore size 

distribution, texture, and structure of the soil horizons of interest. The saturated 

hydraulic conductivity (Ksat) value for A (21.4 cm hr
-1

) horizon was significantly greater 

than saturated hydraulic conductivity (Ksat) value for E (6 cm day
-1

) horizon (P = 0.002). 

The saturated hydraulic conductivity (Ksat) value for A (21.4 cm hr
-1

) horizon was also 

significantly greater than saturated hydraulic conductivity value for Bh (1.57 cm day
-1

) 

horizon (P=<0.001). The saturated hydraulic conductivity (Ksat) value for E horizon (6 

cm day
-1

) was significantly greater than saturated hydraulic conductivity (Ksat) value for 

Bh (1.57 cm day
-1

) horizon (P=<0.001). The pattern, A (21.4 cm hr
-1

) > E(6 cm hr
-1

) 

>Bh(1.57 cm hr
-1

), in saturated hydraulic conductivity (Ksat) values explains the 

importance of determining saturated hydraulic conductivity (Ksat) values in the 

laboratory since it is one of the parameters used for modeling water movement in 

Hydrus 1D. The range of saturated hydraulic conductivity (Ksat) values,  

0.152-60.5 cm hr
-1

, for sand texture was reported by Botros et al., 2009. The 

corresponding ranges for saturated and residual moisture contents were 0.222-0.399 

and 0-0.166 cm
3 

cm
-3

 for sand texture respectively (Botros et al., 2009). A saturated 

hydraulic conductivity (Ksat) value, 20.4 cm hr
-1

, was reported for A horizon of 

Immokalee fine sand (Nachabe et al., 2004) and this value compare well with the 

saturated hydraulic conductivity (Ksat) (21.4 cm hr
-1

) determined in this study. The 

saturated hydraulic conductivity (Ksat) values, 38.8 cm hr
-1

 for 0-18 cm depth and  

28.0 cmhr
-1

 for 18-64 cm depth, for Myakka fine sand which is also a sandy soil were  
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also reported by Nachabe et al., 2004. The field capacity values from point on a 

moisture release curve (100Kpa,1020 cm pressure head) where rapid water drainage 

changes to slower water drainage were 0.1 cm
3 

cm
-3

, 0.06 cm
3 

cm
-3

,and 0.21 cm
3 

cm
-3

 

for A, E, and Bh respectively. 

Concluding Remarks 

Since the magnitude of the saturated hydraulic conductivity (Ksat) values, A  

(21.4 cm hr
-1

), E (6 cm hr
-1

), and Bh horizon (1.57 cm hr
-1

) are not the same for each 

soil horizon, saturated hydraulic conductivity values should be determined in the 

laboratory to ensure good water movement predictions. The pressure at which water will 

be released from soil will depend on soil properties (Ksat and texture) of the soil 

horizons. Water release curves provide information on saturated and residual water 

contents of different soil horizons. Measuring these soil properties help modelers to 

comfortably predict water movement in a study area of interest without necessarily 

relying on literature values.   

The shapes of the moisture reflect the properties of soil horizons. Properties like 

pore sizes, pore size distribution, texture, and structure. Information on how soil 

horizons retain water that is adequate for plant root uptake can also be obtained from 

moisture release curve. For example field capacity values for A, E, and Bh were  

0.10 cm
3 

cm
-3

, 0.06 cm
3 

cm
-3

, and 0.20 cm
3 

cm
-3

 respectively. 

Although the texture of soil horizons of Immokalee soil is dominated by sand, this 

study has revealed significant differences in saturated hydraulic conductivity (Ksat) 

values. Farmers should therefore determine values for other soil orders to obtain 

reliable values for modeling water transport. Hypothesis, the retention curve constants 
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(α, n, and m), saturated water content, residual water content, and  saturated hydraulic 

conductivity (Ksat),  values for A , E, and Bh horizons of sandy Immokalee soil will be 

different when determined experimentally, was proven after saturated hydraulic 

conductivity values differing significantly between A, E, and Bh horizons.
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Table 4-1. Parameters for modeling water movement 

Horizon Ksat (cm hr
-1

) Өs (cm
3 

cm
-3

) Өr (cm
3 

cm
-3

) 

A 21.4 0.3 0.06 
E 6 0.26 0.04 

Bh 1.57 0.35 0.17 

 

 
Figure 4-1. Moisture release curve for A horizon 

 
Figure 4-2. Moisture release curve for E horizon 
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 Figure 4-3. Moisture release curve for Bh horizon
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CHAPTER 5 
EFFECTS OF SUPPORTING ELECTROLYTES AND FERTILIZER MIXTURE ON 

SORPTION BEHAVIOR OF PHOSPHORUS 

Background 

Phosphorus fertilizer is applied to sugarcane fields on the surface at an application 

rate of approximately 50 kg P2O5 ha
-1

. Other fertilizers that are applied to sugarcane 

fields with phosphorus fertilizers are potassium and nitrogen fertilizers at a rate of 

approximately 200 kgK2O ha
-1

 and 200 kgN ha
-1

 respectively (Obreza et al., 1998). 

Rainfall and irrigation water dissolves the applied fertilizers and the solution that leaches 

from A horizon to the water table, contains potassium, ammonium, nitrate, nitrite and 

phosphorus. The phosphorus sorption behavior has been studied using solutions with 

phosphorus sources like KH2PO4 prepared in different concentrations of for example 

potassium chloride and calcium chloride (Rhue et al., 2006; Dou et al., 2009). The 

phosphorus sorption data from experiments conducted using solutions of fertilizer 

mixture are not available in literature. The ionic strength and composition of ions in 

solutions containing a fertilizer solution (phosphorus, nitrogen, and potassium) are 

hypothesized to change the interaction of phosphorus with soil, and how much 

phosphorus moves to the water table. 

Linearized sorption coefficient (KD) is used to model phosphorus movement in 

soils. The linearized sorption coefficient value is defined as a ration of sorbed 

concentration to equilibrium solution concentration after 24 hours of equilibration. The 

supporting electrolytes, KCl and CaCl2 are frequently used by researchers to conduct 

phosphorus sorption experiments (Rhue et al., 2006; Reddy et al., 1998; He et al., 

1999; Dou et al., 2009; Ahmed et al., 2008; Penn et al., 2005; Rubio et al., 2008). To 
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attain good predictions of phosphorus movement, the linearized sorption coefficient 

values should be determined using solutions with ionic strength, composition, and pH 

close to that of the liquid phase of the sugarcane fields. Decrease in pH of the 

supporting electrolytes increased phosphorus sorption (Antelo et al., 2005). Sorption of 

phosphorus in soil has been reported to be higher when calcium chloride was used 

instead of potassium chloride (Pardo et al., 1991). This is due to the divalent cation 

(calcium ion) which has a higher affinity to the exchange site and polarizability than 

monovalent cation (potassium ion) (Curtin et al., 1992).  Increasing the concentration of 

supporting electrolytes and higher charged electrolyte cations increases phosphorus 

sorption (Barrow et al., 1980; Curtin et al., 1992). The amount of hydrogen phosphate 

ions (H2PO4
-
) attracted to the exchange sites increases since the surface potential 

becomes less negative (Curtin et al., 1992). Modelers need reliable databases of 

sorption coefficients values to assess movement of phosphorus in sugarcane fields and 

identify the adverse effects of soil applied phosphorus on ground water quality. 

The sorption parameters, kinetic rate coefficient for desorption from the type 2 

sites (k2) (Cameron and Klute, 1977), instantaneous sorption fraction of type I sites (F), 

and β (fraction of retardation for the instantaneous region) are obtained from the 

sorption kinetics experiments. The two site model (Nkedi-Kizza et al., 2006) is then 

employed when optimizing the parameters from phosphorus sorption data. The two site 

model describes sorption domains as instantaneous for the one domain and rate limited 

(kinetic reaction) for the other domain (Brusseau and Rao, 1990; Travis and Etnier, 

1981; Lee et al., 1988). The parameters that are needed when modeling with two site 

model are type 1 fraction sites (F) and type 2 rate parameter which is also called mass 
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transfer coefficient (Kookana et al., 1993). The velocity dependence of the 

instantaneous sorption fraction of type I sites (F) and type 2 rate parameter has been 

reported and this is associated with diffusion of the solute in to the soil matrix and 

limitation of sorption (Kookana et al., 1993).The tailing of the break through curves for 

the sorbing solutes has been attributed to the sorption kinetics (Kookana et al., 1993). 

For ammonium, sorption is time dependent for all sites therefore data are fit to one site 

model (Jellali et al., 2010). The one site model is where all sorption sites are classified 

as time dependent (Brusseau and Rao, 1990). 

The electrolytes, 0.01M KCl, 0.005M CaCl2, deionized water, and simulated 

Florida rain were used to conduct phosphorus sorption experiments. The electrolyte that 

was close to fertilizer mixture (phosphorus, nitrogen and potassium fertilizers) prepared 

in simulated Florida rain was identified.  The linearized sorption coefficients (KD values) 

from potassium chloride (0.01M KCl), calcium chloride (0.005M CaCl2), deionized 

water, and simulated Florida rain were compared with linearized sorption coefficient  

value from fertilizer mixture ( phosphorus, nitrogen ,and potassium fertilizers).The 

sorption kinetics experiments were then conducted using the electrolyte close to 

fertilizer mixture and fertilizer mixture prepared in simulated Florida rain. The hypothesis 

was; (i) Phosphorus sorption coefficients (KD) when determined using different 

supporting electrolytes (0.01M KCl, 0.005M CaCl2, simulated Florida rain, deionized 

water, and fertilizer mixture) will significantly differ. The objective of this study was; (i) to 

identify the supporting electrolyte that mimics sorption behavior of phosphorus when 

applied as fertilizer mixture (nitrogen, phosphorus, and potassium). 
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Materials and Methods 

Sorption of phosphors was characterized using potassium chloride (0.01M KCl), 

calcium chloride (0.005M CaCl2), deionized water, simulated Florida rain and fertilizer 

mixture. A fertilizer mixture is a solution prepared by mixing nitrogen, phosphorus and 

potassium fertilizers and proportions are based on application rate, 50 kg P2O5ha
-1

, 200 

kg N ha
-1

, and 200 kg K2O ha
-1

. The linearized sorption coefficient value from fertilizer 

mixture was calculated and compared with linearized sorption coefficient values from 

the rest of the supporting electrolytes used. A supporting electrolyte with a linearized 

sorption coefficient value close to the linearized sorption coefficient value from the 

fertilizer mixture was identified. 

Soil Sampling and Soil Properties Measured 

The commercial sugarcane growing company in southwest Florida, US sugar, Inc., 

provided two sugarcane fields where soil samples were obtained for spatial analysis 

(Chapter 3). Soil samples were obtained from eighty sample positions on a grid and 

twenty sample positions that were randomly selected. Soil characteristic values (total 

carbon, total phosphorus, and pH) were clustered in to five groups. The total carbon, 

total phosphorus, and pH values were grouped in increasing order in magnitude of 

values. The first group had the lowest values and the fifth group has the highest values.  

A and Bh horizons for Immokalee soil and the A and Bw for Margate soil at one sample 

location was randomly selected from each group. A 2 mm sieve was used to sieve the 

air dried soil horizons.  The sorption experiments conducted using soil samples from the 

two fields were used to identify supporting electrolyte that mimics fertilizer mixture. After 

identifying the supporting electrolyte that was close to fertilizer mixture, sorption 
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experiments were conducted using the A horizon that was used for column leaching 

experiments. Fertilizer mixture and closest supporting electrolyte were used for sorption 

experiments to obtain linearized sorption coefficient  values and kinetics parameters. 

Since Hydrus 1D was validated using leaching experiment data and using lysimeter 

data, soil horizons (A, E, and Bh) that were packed in the columns were sampled near 

lysimeters.  Three pits (triplicates) were dug near the lysimeter and soil samples were 

taken for air drying in a dyer room set at 45
0
C. 

The soil characteristics determined prior to sorption experiment setups were pH 

(1:2 H2O), oxalate-extractable aluminum, oxalate-extractable iron, exchangeable 

calcium, total carbon, texture, and total phosphorus (Table 5-1). A 1:2 soil to solution 

ratio by weight was used to measure pH using a pH meter (Sparks, 1996). Four grams 

of soil and 8 mLs of water were used and soil solution stirred. After 30 minutes, the pH 

was measured using a pH meter that was standardized with pH buffers, 4, 7and 10 

(model: AR15; manufacturer: Fisher Scientific). The pH affects phosphorus reactions in 

soil for example high pH values promote precipitation of phosphorus with calcium. Low 

pH values (acidic) promote precipitation of phosphorus with aluminum and iron. 

Ammonium oxalate (0.175 M) and oxalic acid (0.1 M) were combined to extract oxalate- 

extractable aluminum and iron. Volumes, 700 mLs of 0.2 M ammonium oxalate and 535 

mLs of 0.2 M oxalic acid, were combined to obtain extracting solution. The pH of the 

solution was first adjusted to 3 by either adding 0.2 M ammonium oxalate or 0.2 M 

oxalic acid (McKeague and Day, 1966). A soil to solution ratio of 1: 25 (2 g of soil and 

50 mLs of oxalate solution) was used. After shaking at low speed the soil solution for 

four hours, the solution was subjected to centrifugation for 20 minutes at 2000 rpm. 
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After filtration through a 42 Whatman filter paper, solutions were analyzed using atomic 

absorption spectrophotometer (model: Optima 700DV and manufacturer: Perkin Elmer). 

Aluminum and iron oxides have high sorption for phosphorus. Total soil carbon was 

determined using an elemental analyzer, Carbo-Erba NA 2500 instrument (Sparks, 

1996). The soil used for carbon analysis was subjected to grinding and soil that passed 

through 0.5 mm sieve was used for total carbon analysis. Two grams were wrapped into 

aluminum foil and fed into Carbo-Erba NA 2500 instrument (model: NA 2500; 

manufacturer: CE instruments), subjected to high temperatures (1000
0
C followed by 

1800
0
C). Values of total carbon were obtained using a calibration curve from soil 

standards of known total carbon content. The negatively charged surface of organic 

matter associates with cations that bridge with negatively charged phosphate ions 

during phosphorus sorption. The method used to determine particle size distribution 

was micro-pipette method (Soil survey staff, 1996). Fifty grams of soil were weighed into 

500 mL Erlemeyer flask. Hydrogen peroxide was subjected to samples with high 

organic matter content to remove organic carbon. Particle size distribution was 

determined using hydrometer method (soil survey laboratory methods manual, 1992). 

Soil samples with high amounts of clay have a larger surface are for phosphorus 

exchange than samples with high sand percentages. For total phosphorus 

determination, concentrated sulfuric acid and hydrogen peroxide were used for 

digestion and oxidation of organic matter respectively (Bowman, 1988). Ground soil 

samples (2 g) that passed through 0.5mm mesh was subjected to 2 mLs of 

concentrated sulfuric acid and digestion tubes put into block set 340
0
C for one hour. 

After cooling for 5 minutes, 0.5 mLs of hydrogen peroxide were added and digestion 
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continued for another 15 minutes. Additions of hydrogen peroxide block heating, and 

cooling procedure continued until when a clear solution was attained.  All the added 

hydrogen peroxide was evaporated by block heating for about an hour.  Solutions 

added to phosphate reagent to obtain a phosphorus characteristic blue color. Solutions 

were analyzed for total phosphorus using a spectrophotometer (model: DR/4000U; 

manufacturer: HACH company). A calibration curve obtained from plotting wavelengths 

and known phosphorus values were used to calculate the unknown phosphorus values 

of the samples. When determining exchangeable calcium (Ca) and cation exchange 

capacity, 30 mLs of 0.2 M NH4Cl were added into 5g weighed into centrifuge tubes (Soil 

Survey Staff, 1996). After capping, centrifuge tubes were subjected to high speed (60 

rpm) for 5 minutes using a reciprocating shaker (manufacturer: Eberbach), centrifuged 

and decanted into a beaker. A volume, 30 mLs of 0.2 M NH4Cl, was added and 

procedure repeated four more times. After combining the supernatants, the volume was 

made to 250 mLs with 0.2 M NH4Cl. The solutions were analyzed for exchangeable 

calcium, magnesium (Mg), potassium (K), aluminum (Al), and sodium (Na), using 

inductively coupled plasma (model: Optima 700DV and manufacturer: Perkin Elmer). In 

centimoles of cation charge per kilogram (cmol/kg), the exchangeable cation is given by 

(M
n+

xVxn)/(WxA) where M
n+

 is concentration of cation in extract (ppm), V is volume of 

extract (250 mLs), n is valence of cation, W is weight of soil (5 g),and A is atomic weight 

of cation. The effective cation exchange capacity (CEC) is the sum of all the cations 

(Ca, Mg, K, Al, and Na). The positively charged cations associates with negatively 

charged soil surface that attracts negatively charged phosphate ions on the exchange 

sites.  



76 

Sorption Experiments  

Four supporting electrolytes, potassium chloride (0.01M KCl), calcium chloride 

(0.005 M CaCl2), deionized water, and simulated Florida rain, were used to conduct 

sorption experiments.  Simulated Florida rain chemistry used was  13.9, 30.7, 9.5, 21.7, 

11.7, 18.3, 1.1 and 17.7 μeqL
-1

 of NO3
-, SO4

2-, NH4
+, Ca2+, Mg2+, Na, K+, and Cl-  

respectively (Villapando,1997). Electroconductivities of different electrolytes were 

measured using electro conductivity meter (Pinnacle Series: M541P). Four grams of soil 

were added to 8 mLs in 50 mL polycarbonate centrifuge tubes and stirred using a glass 

rod. The soil solution was left to stand for four hours. After four hours, the 

elctroconductivities of the solutions were determined using electroconductivity meter 

(model: AB30; manufacturer: Accumet). A soil to solution ratio of 1:2 was used for 

sorption experiments. Soil was subjected to ranges of initial phosphorus concentrations 

(Table 5-3) prepared in four different electrolytes. The fertilizer mixture (nitrogen, 

phosphorus, and potassium) was prepared in simulated Florida rain. Although some 

initial concentrations are slightly greater than others, we aimed at using the same initial 

concentrations for a given electrolyte and soil horizon. The maximum initial 

concentrations of phosphorus, nitrogen, and potassium did not exceed the typical 

application rates used by local farmers (50 kg P2O5 ha
-1

, 200 kg K2O ha
-1

, and  

200 kgN ha
-1

). Soil solution was subjected to shaking at low speed using a reciprocating 

shaker for 24 hours. Soil solution was then centrifuged and filtered using 42 Whatman 

filter paper. Solutions were analyzed for phosphorus using a spectrophotometer (model: 

DR/4000U; manufacturer: HACH company). Sorption isotherms were derived from 

phosphorus sorption data and linearized sorption coefficient values calculated using 
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appropriate equations (linear, Langmuir, and Freundlich). Equations 5-2, 5-4, and 5-5 

were used to calculate linearized sorption coefficient values from Langmuir, Freundlich, 

and linear isotherms.  
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S = KDC                                                                                                        (5-5) 

The linearized sorption coefficient values calculated using different electrolytes were 

compared with the linearized sorption coefficient value from the fertilizer mixture. Where 

S = amount of phosphorus retained (mgkg
-1

), 

 C = concentration of phosphorus after a certain period of equilibration (mgL
-1

), and  

Smax = phosphorus sorption maximum (mgkg
-1

), and k = a constant related to the 

bonding energy (L mg
-1

 P), and Kf is the constant and N is a constant. This means that 

linearized sorption coefficient is also a function of equilibrium solution concentration (C). 

The ammonium data were fit to linear sorption isotherm (Equation 5-5).  

For the phosphorus sorption kinetics experiments, potassium chloride (0.01M KCl) 

and fertilizer mixture were used. For potassium chloride (0.01M KCl), 19 ppm, 

 29.5 ppm, and 38.9 ppm of phosphorus, were the initial concentrations used for the 

sorption kinetics. For fertilizer mixture, 17.7 ppm and 35.5 ppm of phosphorus were the 

initial concentrations used for the sorption kinetics. The three concentrations were used 

to show that different concentrations do not affect the fraction of phosphorus due to 

instantaneous sorption. Soil solutions were analyzed for phosphorus after 4hrs, 8hrs, 

12hrs, 24hrs, and 48hrs. The data was subjected to two site kinetics model to determine 

parameters (k2 and F) that are used for modeling phosphorus movement using Hydrus 

simulation environment.  

Equation 5-6 was used to calculate the relative solution concentration, phosphorus 

availability index, (C/Cin).  
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                                                                          (5-6) 

Where, 

Kp
V

M
R 1               

R

K
V

M
F



1


 

Where C is solute concentration in water (mg L
-1

),Cin is initial added solution 

concentration (mg L
-1

), R is retardation factor, β is fraction of retardation for the 

instantaneous region,k2 is kinetic rate coefficient for desorption from the Type 2 sites 

 (h
-1

), t is time (h), Kp is linearized sorption coefficient at equilibrium (L kg
-1

), V is 

volume of water (L), and M is mass of soil (kg). The model optimizes k2, F, and Kp 

which are used to recalculate CCin
-1

. The layout of the two site model is shown in 

Figure 5-1.Where K is linearized sorption coefficient at equilibrium, S1 is sorbed solute 

concentration on the soil of the equilibrium region (S1 = FKC at all times), k1 is kinetic 

rate coefficient for sorption to the Type 1 sites, and S2 is sorbed solute concentration on 

the soil of the kinetic region. Other constants were defined earlier. The solution volume 

(10 mLs), mass (5 g), total mass of phosphorus (190 µg for example for C0 of 19 ppm), 

and equilibrium solution concentration as a function of time are the model inputs from 

the sorption experiments. The k2 and F parameters are then used to model phosphorus 

movement. When fertilizer mixture was used, solutions were analyzed for phosphorus, 

ammonium, nitrate, and nitrite. Ammonium, nitrate, and nitrite was analyzed using 

Lachat (model: Quikchem 8500; manufacturer: LACHAT company). Lachat uses two 

calibration curves, ammonium and nitrate calibration curves, to calculate values of the 

samples. The solutions for color development are prepared in such a way that solutions 
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for ammonium and nitrate are different. The intensity of color is correlated with the 

concentrations on the calibration curve. 

Results and Discussion 

Identifying a Supporting Electrolyte that Mimics Fertilizer Mixture 

Total carbon, total phosphorus, texture, pH (1:2H2O), oxalate-extractable 

aluminum, oxalate-extractable iron, exchangeable calcium, and cation exchange 

capacity (CEC) of the soil used to characterize sorption of phosphorus were measured 

(Table 5-1). The ionic strengths and electroconductivities of the electrolytes used for 

phosphorus sorption experiments were also measured (Table 5-2). The initial 

concentrations used for phosphorus sorption experiments were within the same range 

for the same electrolyte (Table 5-3). The ionic strength and pH of the highest initial 

concentrations were also measured (Table 5-4). The equilibrium solution concentrations 

after 24 hours and calculated sorbed concentrations were recorded (Table 5-5). 

Isotherms (linear, Freundlich, and Langmuir) were derived from the phosphorus sorption 

data. The equations, KD = KfCmax
N-1 (Freundlich), KD = Smaxk/ (1+kC) (Langmuir), and KD 

= S/C (linear) were used to calculate sorption coefficients. Negligible sorption of 

phosphorus on E horizon was observed (Table 5-8). Phosphorus sorption data for A 

and Bh horizons were used to identify the behavior of phosphorus with different 

electrolytes. For the Freundlich isotherms, the maximum solution concentration (Cmax) 

used to calculate a linearized sorption coefficient (KD) value was 10 ppm. The average 

linearized sorption coefficient value for each supporting electrolyte was calculated 

(Table 5-6).The solution pH slightly increased after 24 hours of equilibration. The 

highest concentration (85 ppm) prepared in calcium chloride (0.005M CaCl2) was fed in 
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to the visual minteq to investigate the effect of calcium chloride (0.005 M CaCl2) on ion 

speciation. Results indicated that there was no precipitation of phosphorus when 

calcium chloride (0.005 M CaCl2) was used as an electrolyte. The pattern in the sorption 

results in this study was attributed to the nature of cations in supporting electrolytes. 

Sorption of phosphorus by soils was quantified by measuring phosphorus in 

solution and the value used to calculate the sorbed concentration after 24 hours of 

equilibration.  Freundlich equation described phosphorus sorption by all the soil 

horizons, A, Bh, and Bw (Figures 5-2, 5-3, 5-4, 5-5, 5-6, and 5-7). Sorption of 

phosphorus on soils followed the trend, calcium chloride (0.005M CaCl2) > potassium 

chloride (0.01M KCl) > simulated Florida rain > deionized water (Table 5-6). The 

linearized sorption coefficient values (0.01M KCl) were closest to linearized sorption 

coefficient values determined using fertilizer mixture prepared in Florida rain (Table 5-

6). Nair et al., 1984 reported that phosphorus sorption (0.005M CaCl2) is greater than 

(0.01M KCl) and authors attributed the pattern in sorption behavior to electrolyte cation 

charge. Greater sorption of phosphorus with calcium ion (Ca
2+

) than potassium ion (K
+
) 

was observed. The higher affinity of calcium ion on the exchange site than potassium 

ion explains the trend in phosphorus sorption data (Pardo et al., 1991). Higher 

negatively charged phosphate ions (H2PO4
-
) were attracted to positively charged 

calcium ion on the soil exchange site.  The linearized sorption coefficient values for Bh 

horizon (Table 5-6) were higher than the values for A horizon and this is due to higher 

sorption of phosphorus by Bh horizon (Li et al., 1997). The Bh horizon accumulates 

organic matter with higher amounts of aluminum and iron than A horizon.  
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The repulsion effect between phosphate ion and soil surface is higher with 

potassium ion than with calcium ion (Pardo et al., 1991). Surface potential of exchange 

site becomes less negative for divalent cation in supporting electrolyte than a 

monovalent cation (Curtin et al., 1992). This increases the attraction of negatively 

charged hydrogen phosphate ions (H2PO4
-
). In addition to potassium ion from 

potassium hydrogen phosphate (KH2PO4) used as a phosphorus source for sorption 

experiments, calcium chloride ( 0.005M CaCl2) and potassium chloride (0.01M KCl) 

have additional cations in solution. This explains the higher sorption of phosphorus 

compared to deionized water and Florida rain. The polarizability and hydration energy 

also follows the trend calcium chloride (0.005 M CaCl2) > potassium chloride (0.01M 

KCl) (Pardo et al., 1991). Sorption of phosphorus with simulated Florida rain is higher 

than deionized water due to the cations added when preparing Florida rain. The KD 

values (0.01M KCl) were closest to linearized sorption coefficient values (fertilizer 

mixture) due to potassium chloride added in fertilizer mixture.  

Parameters for Modeling Phosphorus and Ammonium Movement 

Sorption experiments were conducted using potassium chloride (0.01M KCl) and 

fertilizer mixture to obtain the linearized sorption coefficient values for modeling 

phosphorus movement. The linearized sorption coefficient value for ammonium was 

obtained using fertilizer mixture. The linearized sorption coefficient value for ammonium 

was 0.2 mLg
-1

 (Figure 5-10). The low linearized sorption coefficient value is attributed to 

low carbon content of A horizon.  Ammonium sorption was reported to increase with 

organic carbon content (Wang and Alva, 2000). The A and E horizons were sampled 

near the lysimeters. The linearized sorption coefficient values from potassium chloride 
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 ( 0.01 M KCl) , fertilizer mixture, calcium chloride (0.005 M CaCl2), deionized water, 

and Florida rain were 1.6 mL g
-1

 ,1.4 mL g
-1

 , 2.4 mL g
-1

, 0.6 mL g
-1

, and 0.6 mL g
-1

  

respectively (Figures 5-6, 5-7,5-8,5-9, and 5-10). The phosphorus sorption kinetics data 

fit the two site model (Figures 5-8 to 5-9). The data in Table 5-8 show that different 

initial concentrations do not have an effect on the magnitude of k2 and F values. A 

similar effect was reported by Nkedi-Kizza et al., 2006. The authors characterized 

sorption and sorption kinetics of organic pesticides on carbonatic soils of South Florida 

using different initial concentrations. The sorption kinetics parameters (k2 and F) values 

did not vary with initial concentrations. 

Concluding Remarks 

The supporting electrolyte that yielded linearized sorption coefficient values close 

to fertilizer mixture was potassium chloride (0.01M KCl). The chemistry, ionic strength, 

pH, conductivity, and charge of cations, affect the amount of phosphorus adsorbed by 

soil. This will eventually affect the magnitude of the linearized sorption coefficient 

values. When modeling phosphorus movement in sugarcane fields, the linearized 

sorption coefficient (0.005M CaCl2) will under predict phosphorus movement since the 

higher the linearized sorption coefficient value, the higher the sorption of phosphorus.  

The linearized sorption coefficient (deionized water) and linearized sorption coefficient 

(simulated Florida rain) will over predict phosphorus movement since the lower the 

linearized sorption coefficient value, the lower the sorption of phosphorus.  Modelers 

dealing with soil system that involves fertilizer mixture applied to sugarcane fields can 

comfortably use linearized sorption coefficient  (0.01 M KCl) and linearized sorption 

coefficient  (fertilizer mixture) to model phosphorus movement. 
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Before modeling nutrient movement, modelers should consider the ionic strength 

of the liquid phase of the system of interest. Researchers dealing with the soils where 

sugarcane is grown in Southwest Florida should use potassium chloride (0.01M KCl) or 

fertilizer mixture (50 kg P2O5 ha
-1

, 200 kgN ha
-1

, and 200 kgK2O ha
-1

) when determining 

sorption coefficients. The phosphorus sorption kinetics experiments should also be 

conducted using potassium chloride (0.01M KCl) or fertilizer mixture. The sorption 

coefficient of ammonium, 0.2mL g
-1

, shows that ammonium will move faster in soil than 

phosphorus with linearized sorption coefficient  value of 1.4mL g
-1

.This study has shown 

that potassium chloride (0.01 M KCl) should be used as supporting electrolyte to 

characterize sorption of phosphorus in mineral soils (for example Immokalee and 

Margate soils). Phosphorus sorption experiments should be conducted using soil 

samples from other orders like Alfisols without relying on the data collected using 

Spodosol and Entisol. In this study it is was hypothesized that, phosphorus sorption 

coefficients (KD) when determined using different supporting electrolytes (0.01M KCl, 

0.005M CaCl2, simulated Florida rain, deionized water, and fertilizer mixture) will 

significantly differ.  Phosphorus sorption experiments have proven that using different 

electrolytes affect sorption equilibria since linearized sorption coefficients (KD) values 

were different in magnitude.
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Table 5-1. Physical and chemical properties of soils 

Property A-I A-M Bh Bw 

Total carbon (gkg
-1

) 15.6 12 34.1 4 

Total Phosphorus (µgg
-1

) 107.3 174.3 89 34.4 

pH (1:2H2O) 6.9 8.1 6.9 8.5 
%Sand 98 98 88.5 98.2 
%Silt 1.2 1.5 3.4 0.8 
%Clay 0.8 0.49 8.1 1.01 

Ox.Al (mgkg
-1

) 282.4 310.3 307.0 90 

Ox.Fe (mgkg
-1

) 

Exchangeable Ca (cmolckg
-1

) 

CEC (cmolckg
-1

) 

236.0 
21.6 
27.9 

663.1 
68.3 
71.8 

116.4 
54.4 
88.7 

151 
30.5 
36.4 

I = Immokalee M = Margate Ox.Al = Oxalate aluminum Ox.Fe = Oxalate iron 
 
Table 5-2. Electrolytes used for phosphorus sorption experiments 

Electrolyte Ionic Strength (I) pH  Electroconductivities (µS cm
-1

) 

0.01M KCl 0.01 4.7 3240 
0.005M CaCl2 0.03 4.7 2670 
Deionized water 0 6.8 2.7 
Simulated Florida rain 0.000032 5.1 8.9 

 

Table 5-3. Maximum Initial concentrations for phosphorus sorption isotherms 

Horizon 0.01M KCl 
(ppm) 

0.005M 
CaCl2 

(ppm) 

Deionized 
water 
(ppm) 

Fertilizer mixture 
(ppm) 

Florida Rain 
(ppm) 

A-M 44 
 

48 
 

44.3 38 
 

37.4 

A-I 43 59 41 29 37.4 
Bw 38 

 
46 
 

28 
 

36 
 

28 

Bh 74 85 84 85 46.8 

M = Margate, I = Immokalee 
 

Table 5-4. Ionic strength (I) and pH of the soil solution 

Electrolyte I pH  

Deionized water + 0.000021 M KH2PO4 0.000021 6.1 
0.01M KCl + 0.00002 M KH2PO4 0.01002 5.7 
0.005 M CaCl2 + 0.00002 M KH2PO4 0.01502 5.5 
Rain+0.000021 M KH2PO4 0.0000525 5.9 
Rain+0.000021 M KH2PO4+0.0000265M NH4NO3+0.00013 M KCl 0.000209 5.6 
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Table 5-5. Linearized sorption coefficients (KD) 

Horizons 0.01 M  
KCl 

0.005M  
CaCl2 

Deionized 
water 

Florida 
 rain 

Fertilizer 
mixture 

A-I 2.13±0.66 4.42±0.9 1.67±0.38 2.10±0.1 2.14±0.39 
A-M 2.83±0.17 5.15±0.40 2.77±0.32 2.33±0.49 2.82±0.36 
Bh-I 10.20±1.6 12.78±2.9 4.05±0.4 6.16±0.9 10.68±2.5 
Bw-M 2.22±0.54 5.21±0.23 1.64±0.82 2.14±0.45 2.15±0.50 

M = Margate, I = Immokalee 

Table 5-6. Statistical differences between linear sorption coefficients (KD) 

 P  (A-I) P (A-M) P(Bh) P(Bw) 

Fertilizer mixture verses FR 0.96
+
 0.278

+
 0.005

++
 0.98

+
 

Fertilizer mixture verses H2O 0.14
+
 0.96

+
 0.001

++
 0.41+ 

Fertilizer mixture verses 0.005M CaCl2 0.033
++

 0.001
++

 0.252
+
 0.003

++
 

Fertilizer mixture verses 0.01M KCl 0.24
+
 0.714

+
 0.790

+
 0.955

+
 

M = Margate, I = Immokalee, + = No significant difference, ++ = significantly greater or 

lower, FR = Florida rain, H2O = Deionized water, P= Probability value at 95% 

confidence. 
 
Table 5-7. Phosphorus sorption kinetics parameters: standard error in parentheses 

Electrolyte InitialConcentration (C0) k2 F Kp 

0.01M KCl 19 0.1 (0.01) 0.5(0.02) 1.6 (0.02) 
0.01M KCl 29.5 0.1(0.01) 0.6(0.01) 1.2 (0.01) 
0.01M KCl 38.9 0.1(0.01) 0.6(0.01) 1.0 (0.01) 
0.01M KCl All C0 0.1(0.01) 0.6 (0.03) 1.25 (0.02) 
Fertilizer mixture 17.7 0.1(0.01) 0.4(0.03) 1.6 (0.03) 
Fertilizer mixture 35.5 0.1(0.01) 0.6(0.02) 1.2 (0.03) 
Fertilizer mixture All C0 0.1 (0.01) 0.5 (0.01) 1.4 (0.02) 
 

Table 5-8. Sorption of phosphorus on E horizon of Immokalee soil 

Initial 
concentration (ppm)  

Mass 
(g) 

Volume 
(mLs) 

Average equilibrium 
concentration (ppm) 

23 5 20 22.5 
45 5 20 44.5 
75 5 20 74.8 

 

 



87 

 

 

Figure 5-1. Two site model 

 

Figure 5-2. Phosphorus sorption isotherm in A and Bh horizons of Immokalee soil using 
potassium chloride (0.01M KCl) 
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Figure 5-3. Phosphorus sorption isotherm in A and Bh horizons of Immokalee soil using 
fertilizer mixture 

 
 

Figure 5-4. Phosphorus sorption isotherm in A and Bw horizons of Margate soil using 
potassium chloride (0.01M KCl) 
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Figure 5-5. Phosphorus sorption isotherm in A and Bw horizons of Margate soil using 

fertilizer mixture 

 
 

Figure 5-6. Sorbed phosphorus versus equilibrium solution phosphorus for A horizon of 
Immokalee soil with potassium chloride (0.01M KCl) 
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Figure 5-7. Sorbed phosphorus versus equilibrium solution phosphorus for A horizon of      
Immokalee soil with fertilizer mixture 

 
Figure 5-8. Sorbed phosphorus versus equilibrium solution phosphorus for A horizon of 

Immokalee soil with calcium chloride (0.005 M CaCl2) 
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Figure 5-9. Sorbed phosphorus versus equilibrium solution phosphorus for A horizon of 

Immokalee soil with deionized water 

 
Figure 5-10. Sorbed phosphorus versus equilibrium solution phosphorus for A horizon 

of Immokalee soil with Florida rain 
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Figure 5-11. Relative concentration (C/C0) as a function of time for A horizon of 

Immokalee soil with potassium chloride (0.01M KCl) 

 
Figure 5-12. Relative concentration (C/C0) as a function of time for A horizon of 

Immokalee soil with fertilizer mixture 
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Figure 5-13. Sorbed ammonium versus equilibrium solution ammonium for A horizon of 

Immokalee soil
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CHAPTER 6 
EFFECT OF FLUCTUATING WATER TABLE ON PHOSPHORUS AND NITROGEN 

MOVEMENT 

Background 

Farmers in Southwest Florida maintain adequate moisture with in the root zone of 

sugarcane plants through fluctuating elevated water table (Obreza et al., 1998). Water 

table depth in sugarcane fields is first set near the soil surface (approximately 30 cm 

deep) to insure proper irrigation of newly planted seed pieces and then lower water 

table depth to approximately 50 cm as the crop root zone is established. Lowering the 

water table depth to 50 cm provides good aeration (prevents anaerobic conditions) and 

more accommodation of rain (Obreza et al., 1998). Farmers decide when to lower the 

water table. Therefore the timing can vary from farmer to farmer. Roots function well in 

shallow water table for a short period (Glaz and Morris, 2010). The Spodosol, 

Immokalee series, is the dominant mineral soil series used for sugarcane production in 

Southwest Florida. The most reactive soil horizon of Immokalee soil is Bh horizon (Li et 

al., 1997). Leaching of phosphorus is highest in E horizon followed by A and least in Bh 

horizon (Li et al., 1997). In this study, it is hypothesized that phosphorus and nitrogen 

from fertilizer leached below the water table to Bh horizon is increased when water table 

depth is lowered. Phosphorus and nitrogen movement below the water table is driven 

by concentration gradient. The experimental design was such that water table was 

restored after each rainfall events by collecting solutions from the water table outlets. 

The distance between the water table and the Bh horizon will be reduced when water 

table is lowered. 

Diffusing phosphorus was reported to decrease with distance from the source of 

phosphorus (Bouldin and Black, 1954). Ammonium in the aerobic layer (unsaturated 
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conditions) is oxidized to nitrate by microbes which are aerobic autotrophs (Reddy et al., 

1976). In a soil environment with aerobic and anaerobic layers, ammonium diffuses to 

aerobic layer from anaerobic layer. Nitrate diffuses from aerobic to anaerobic layer 

(Reddy et al., 1976). Moisture content, bulk density, cation exchange capacity of soil, 

presence of reduced iron, and manganese influence ionic diffusion of ammonium from 

anaerobic to aerobic layer (Reddy et al., 1976). Increasing flow velocity in a saturated 

flow system reduces adsorption of ammonium by soil (Jellali et al., 2010). Masses of 

ammonium and phosphorus that moved below the water table set at 30 cm and 50 cm 

depths from the soil surface were calculated. 

Tracer, bromide, has been employed by researchers to monitor water movement 

(Fortin et al., 2002; Lawrence and Richard, 2008; Shinde et al., 2001).Tracers are used 

to study hydrodynamic characteristic of a given porous medium (Shinde et al., 2001) 

and water flow characterization (Kookana et al.,1993). The peclet number (P) is 

calculated using the equation, vL/D, where v is pore water velocity, L is length of the 

column, and D is dispersion hydrodynamic coefficient (Shinde et al., 2001). Preferential 

flow plays a key role in water movement under unsaturated conditions (Lawrence and 

Richard, 2008; Kelly and Wilson, 2000). Bromide flow velocity is affected by bulk density 

and clay content of the soil (Poulsen et al., 2006). Although presence of physical non-

equilibrium due to mobile and immobile water flow zones can cause tailing in tracer 

break through curves, normally tracer break through curves are symmetrical (Shinde et 

al., 2001). In this study, water table was lowered from 30cm to 50cm after 6 weeks. The 

water table was maintained at 50cm depth from the soil surface for 6 weeks. The 

masses of phosphorus and nitrogen from cups installed below the water table were 
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compared for water table set at 30cm with 50cm depths from the soil surface. The 

bromide, phosphorus and nitrogen (nitrate and ammonium) concentrations from 

solutions collected from cup A were used as validation data sets for Hydrus 1D. The 

hypotheses of the study were; (i) Reducing distance between water table and Bh 

horizon through lowering water table from 30 cm to 50 cm depth will increase diffusion 

of phosphorus and nitrogen below the water table for Immokalee soil; and (ii) 

Management of water table depth after rainfall events will lead to loss of plant available 

phosphorus and nitrogen out of the sugarcane plants’ root zone. The objectives of the 

study were ;(i) to investigate the effect of fluctuating water table on movement of 

phosphorus and nitrogen above and  below the water table. 

Materials and Methods 

Column leaching experiments with both saturated flow and unsaturated flow (with 

fluctuating water table), were conducted to investigate behavior of phosphorus and 

nitrogen when fertilizer mixture (nitrogen, phosphorus, and potassium) is applied to the 

soil. The saturated flow experiment was conducted to mimic the saturated zones of the 

soil after rainfall additions. Unlike in saturated flow experiment where solutions were 

pumped through the soil packed in the column, fertilizer mixture (rates of  

50 kg P2O5 ha
-1

, 200kg N ha
-1

, and 200kg K2O ha
-1

) were applied on soil surface as soil 

in unsaturated flow experiment. Water table was lowered from 30 cm to 50 cm depth 

after 6 weeks. Water table depth was maintained at 50 cm depth from the soil surface 

for another 6 weeks.   The phosphorus data were modeled with Hydrus 1D using the 

linearized sorption coefficient values from the fertilizer mixture and potassium chloride 

(0.01 M KCl). The phosphorus data from unsaturated flow experiment were modeled 
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with linearized sorption coefficient (fertilizer mixture) and linearized sorption coefficient 

(0.01 M KCl). In a saturated experiment, phosphorus movement was modeled 

considering a continuous flow rate at the bottom of the column and free drainage at the 

outlet (top of the column). The phosphorus movement was modeled from soil surface to 

water table (30 cm and 50 cm depth). In unsaturated flow experiment, phosphorus was 

modeled considering variable flux on the soil surface and constant pressure at the water 

table. Magnitude of phosphorus and nitrogen masses collected below the water table for 

both water table depths (50 cm and 30 cm) were compared to identify the influence of 

water table depth on phosphorus and nitrogen movement below the water table. 

Saturated Flow Experiment 

A column, 15 cm long and 7.5 cm in diameter, was used for saturated flow 

experiment. The A horizon was packed in a column using the same bulk density found 

in field soils (Figure 6-1). The mass and volume of soil packed in a column were 982 g 

and 663 cm
3
 respectively. The bulk density and particle density for A horizon were 

 1.48 g cm
-3

 and 2.56 g cm
-3

 respectively. The soil in the column was first saturated with 

two pore volumes (544 cm
3
) of simulated Florida rain from the bottom followed by 

pumping 1047.2 cm
3
 (4.68 pore volumes), of fertilizer mixture (200 kgN ha

-1
,  

50 kgP2O5 ha
-1

, and 200 kg K2O ha
-1

) at a steady flow rate of 10 mL per minute.  Pore 

volumes, 12.2, of simulated Florida rain was introduced in to the column to allow 

desorption process. Desorption is the release of nutrients that had sorbed on soil into 

solution. Solutions (20mLs) were collected every two minutes from the top of the column 

(Figure 6-1). Solutions were filtered and added to known volumes of phosphate reagent 

to develop a phosphorus characteristic blue color. Solutions of known concentrations 
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were added to phosphate reagent to obtain a calibration curve. The absorbance of the 

blue color from unknown samples was correlated to the calibration curve to obtain the 

phosphorus values. The solutions were analyzed for phosphorus using a 

spectrophotometer (model: DR/4000U; manufacturer: HACH company), nitrogen 

(ammonium and nitrate) using Lachat (model: Quik Chem 8500; manufacturer: 

LACHAT). Two calibration curves, one for ammonium and another for nitrate were 

obtained from the lachat software. The calibration is used to calculate values of the 

samples depending on the color intensity. Solutions used for color development are 

different for ammonium and nitrate. Solutions were analyzed for chloride using ion 

chromatography. Break through curves (relative concentration (C/C0) verses pore 

volumes) were plotted from the data collected from saturated flow experiment.  

The ammonium and chloride data were fit to convective-dispersion model which 

combines equilibrium and first order kinetic equations (Cameron and Klute, 1977). 

Equation 6-1 is a one dimensional equation that describes convective- dispersion of a 

solute in uniform porous media at a steady hydraulic flow; Equation 6-2 is the 

equilibrium model; Equation 6-3 is the first order reversible kinetic model; and Equation 

6-5 is the combined equilibrium and first order kinetics. 
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Where Cs is the solution concentration of the mobile solute; S is the sorbed 

concentration which is defined as total adsorption in both kinetic and equilibrium 

fractions; D is hydrodynamic dispersion coefficient; v is seepage velocity; ρ is the bulk 

density; ɵ is water content; Kd (dimensionless) is the equilibrium constant;k1 is 

adsorption constant; k2 is desorption constant; F is the fraction of type 1 sites; and RT is 

total retardation factor. The initial and boundary conditions for a soil column of length L 

are;  

C=0                        0 ≤ z ≤ L            t = 0 

S1=0                        0 ≤ z ≤ L            t = 0 

S1=0                        0 ≤ z ≤ L            t = 0 

0
vC

dz

dC
DvC                z = 0               t ≤ t1 

0
dz

dC
DvC               z = 0               t ˃ t1 

0
dz

dC
                        z = L             t ˃ 0 
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The two site model was used to model phosphorus break through curve. When 

modeling phosphorus data, peclet number from nitrate and chloride data was used, 

pulse volume and pulse length were fixed and optimized beta (β), omega (ω), and 

retardation factor (R). Other data inputs were pore volumes as a function of relative 

concentrations (C/C0) and isotherm exponent (N for Freundlich isotherm). The 

equations for β, ω, and R were

D
K

D
KF









 ,

v

RLk )1(
2





 , and 




D

K
R 1 .  

Fluctuating Water Table 

Plexiglass columns, 100 cm long and 15 cm in diameter were designed with 

outlets placed at 30 cm and 50 cm from the soil surface to collect solutions off the water 

table (Figure 6-2). Porous ceramic cups were installed just above the lower extent of 

each horizon to monitor phosphorus, nitrogen, and bromide concentrations at each 

horizon (Figure 6-2). The ceramic cups were installed at 13 cm, 60 cm, and 75 cm in A, 

E, and Bh horizon respectively. The moisture sensors (EC-5) connected to data loggers 

(EM50) from Decagon Devices, Inc, 2365 NE Hopkins Court, Pullman, Washington 

99163 were installed at 8 cm, 41cm, and 71 cm from the soil surface in A, E, and Bh 

horizons respectively (Figure 6-2). A glass tubing attached on the sides of columns was 

used to monitor the water table depth (Figure 6-2). 

Soil samples (A, E, and Bh horizons) were taken from location near the lysimeters 

to simulate water and nutrient concentrations under field conditions (documented in 

Chapter 7). The soil horizons, A, E, and Bh were sampled from three pits (triplicates) 

from which a composite was obtained.  The soil samples were placed in the air dryer 

room set at 45
0
C and monitored until complete drying was attained. Soil horizons, A, E 



101 

and Bh for Immokalee were packed in the columns at 18 cm, 48 cm, and 14 cm thick, 

respectively, taking into consideration the bulk density of each horizon found in the field 

where they were removed. The depth of A, E, and Bh horizons packed were 18 cm,  

48 cm, and 14 cm. The soil was saturated from the bottom (Villapando and Graetz, 

2001) with simulated Florida rain using rain reservoir connected to the bottom tap. 

Introducing rain from the bottom helps to attain complete saturation and avoid 

entrapment of air in the soil. Rainwater chemistry data for Florida rain is 13.9, 30.7, 9.5, 

21.7, 11.7, 18.3, and 1.1μeq L
-1

 of NO3
-, SO4

2-, NH4
+, Ca2+, Mg2+, and K+, respectively 

(Villapando, 1997). The water table depth at 30 cm from the soil surface was restored 

by the opening the taps at the water table depth. The column was left to stand for three 

days before fertilizer application to allow stabilization of water table at 30 cm depth.   

Phosphorus (KH2PO4), nitrogen (NH4NO3), and potassium (KCl and KBr) were 

applied to soil surface in the columns. The fertilizer application rates, 50 kg P2O5ha
-1

, 

200 kg Nha
-1

, and 200 kg K2O ha
-1

, were used. Masses, 165 mg of KH2PO4, 350.5 mg 

of KCl, 353 mg of NH4NO3, and 238 mg KBr, were applied on the soil surface of each 

column. The tracer for water movement was bromide ion. Rainfall amounts in southern 

Florida are highest between June and August. Average daily values of rain received in 

Immokalee were calculated for 2001 to 2010. In this experiment, rainy season (June, 

July, and August) was explored. The probabilities of receiving rain were used to 

calculate rain distribution. Average daily amounts of rainfall were used to simulate rain 

when the chance of receiving rain was more than 50%.  

Solution samples were collected from the solution samplers (Figure 6-2) installed 

in soil horizons and at the water table depth after every rain addition. The solutions were 
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analyzed for phosphorus, nitrogen (ammonium and nitrate), and bromide
. 
The water 

table depth was restored to test depths after each simulated rainfall using outlets placed 

at the water table depth. The water table was lowered from 30 cm to 50 cm depth after 

six weeks. Columns were emptied at the end of the experiment and soil samples 

collected from each horizon for further analysis. A wet sub sample was extracted with  

potassium chloride (2 M KCl) for nitrogen (ammonium and nitrate) analysis by rapidflow 

analysis. When analyzing for ammonium-nitrogen and nitrate-nitrogen, a sample is 

injected by the instrument needle, tubes are inserted in reagents used for color 

development continuously supply the reagents that mix with sample. The higher the 

intensity of color developed, the higher the concentrations of ammonium and nitrate.  A 

subsample was air dried and analyzed for Mehlich 1phosphorus using 

spectrophotometer (model: DR/4000U; manufacturer: HACH company). Bromide was 

analyzed using rapid flow method. 

Results and Discussion 

The soil properties, bulk density, particle density, and porosity for the A horizon 

used for saturated and unsaturated flow are shown in Table 6-1. Chloride, nitrate, 

ammonium, and phosphorus from saturated flow experiment was plotted to obtain break 

through curves (Figures 6-3, 6-4, and 6-5). The graphs also show that chloride, nitrate, 

and ammonium data were fit to convective-dispersive model. Phosphorus data was also 

fitted with the two site kinetics model. Break through curves were plotted as relative 

concentrations versus pore volumes. The maximum concentrations for tracers (chloride 

and nitrate), ammonium, and phosphorus were observed after 1.5, 2, and 5 pore 

volumes respectively (Figures 6-3, 6-4, and 6-5). The similarity in behavior for chloride 



103 

and nitrate for saturated flow experiment shows that they can both be used as tracers. 

Phosphorus concentrations peak after ammonium because it sorbs on soil more than 

ammonium. The linearized sorption coefficient (fertilizer mixture), phosphorus and 

ammonium, at A horizon were 1.4 mL g
-1

 and 0.2 mL g
-1

 respectively (Figures 5-7 and 

5-10).  

The phosphorus, nitrogen (ammonium and nitrate), and bromide concentrations of 

the solutions collected at the bottom of each horizon and off the water table for the 

unsaturated flow experiment were measured. The solutions out of the A horizon were 

collected only when the water table was set at 30 cm depth. The solutions out of the E 

and Bh were collected when water table was set at 30 cm and 50 cm depths. The 

greatest portion of the solutions was collected off the water table after every rain fall 

event. The solution volume collected from each cup installed at the bottom of each 

horizon did not exceed 20 mLs after every sampling event.  

Bromide was used as a tracer in the unsaturated flow experiment with fluctuating 

water table. Bromide, phosphorus, and nitrogen concentrations increased with time as 

water dissolves fertilizer added to the soil surface, reached peak and started decreasing 

when solutions were diluted with further additions of water(Figures 6-6 to 6-17). After 

lowering the water table to 50 cm, bromide, phosphorus, and nitrogen were transferred 

from upper 30 cm to water table (50 cm) and increased with time, peaked and started 

decreasing as solutions were diluted with water added after (Figures 6-18 to 6-31). 

Increases and decreases in bromide and ammonium concentrations for cup E and cup 

Bh (Figures 6-18 to 6-23, Figures 6-26 to 6-31) for water tables set at 30 cm and 50 cm 

depths are attributed to varying amounts of bromide brought to water table. The 
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amounts of bromide brought to the water table from the soil surface are determined by 

added amounts of rain. Symmetrical nature that is equal halves on either side of the 

curve was observed for bromide (tracer) data from solutions collected at 30 cm water 

table depth (Figure 6-5). However tailing was observed in bromide break through curves 

(Figures 6-6 and 6-14) for solutions collected from cup A and water table depth, 50 cm, 

due to physical non-equilibrium created by mobile and immobile water flow zones 

(Shinde et al., 2001; Fisher and Healy,2008). Some water might have moved at a 

slower velocity. The bromide break through curves for cups E and Bh did not follow a 

systematic typical break through curve for a tracer because the cups were located in a 

saturated zone. Bromide is hypothesized to have moved from unsaturated to saturated 

zone through diffusion and displacement when solutions were sucked from cups E and 

Bh (Figures 6-18, 6-19, 6-26, and 6-27). A tracer, chloride, followed a similar pattern 

(symmetrical break through curve) in a study with homogeneous columns conducted by 

Beigel and Di Pietro, 1999.      

Break through curves for phosphorus, ammonium and nitrate are spread (Figures 

6-7,6-8,6-9,6-11,6-12,6-13,6-15,6-16, and 6-17) and the asymmetrical nature of the 

curves is attributed to sorption on soil (Shinde et al., 2001). Phosphorus and ammonium 

are therefore said to be retarded. According to Shinde et al., 2001, the asymmetrical 

nature of the break through curves for interacting solutes was also attributed to 

presence of chemical non-equilibrium.  Beigel and Di Pietro, 1999 attributed the 

asymmetrical nature of break through curve of triticonazole in a solute movement 

experiment with homogeneous columns to non-equilibrium sorption. For cup A (inserted 

13 cm from soil surface), the maximum concentrations (29.2 ppm) of phosphorus and 
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ammonium (79.4 ppm) were observed after 20 days (Figure 6-9;Table 6-2) and 11 days 

(Figure 6-8;Table 6-2) respectively. Bromide maximum concentration was observed 

after 9 days (Figure 6-6; Table 6-2). The times where maximum nutrient concentrations 

were observed indicate that phosphorus is more retarded than ammonium. When 

fertilizer mixture (nitrogen, phosphorus, and potassium) and A horizon of Immokalee soil 

were used to determine linearized sorption coefficient values, the calculated values for 

phosphorus and ammonium were 1.4 mL g
-1

 and 0.2 mL g
-1

 respectively (Figures5-7 

and 5-10). There is higher sorption of phosphorus than ammonium due to the reactions 

with aluminum and iron.   Ammonium which is positively charged will have to compete 

with potassium (cation) for the exchange sites. The maximum concentrations of 

ammonium (42.6 ppm) and phosphorus (14.6 ppm)   were observed after 22 days and 

37 days respectively for water 30 cm water table depth (Figures 6-12 and 6-13).  The 

same ratio of 2.2 for time (maximum concentration of phosphorus) to time (maximum 

concentration of ammonium) was calculated for cup A and water table (30 cm) 

concentrations (Table 6-2). The maximum concentration for phosphorus at the depths of 

30 cm (14.6  ppm) and 50 cm (7.5 ppm) were different due to the fact that phosphorus 

was applied once throughout the whole experiment (Figures 6-13 and 6-17). Maximum 

concentrations of bromide, phosphorus, and ammonium for solutions collected water 

table depth of 50 cm were observed after 59 days, 68 days, and 74 days respectively 

(Figures 6-14, 6-16, and 6-17; Table 6-2). Ratio of maximum concentration times for 

phosphorus to ammonium reduces to 1.3 from 2.2 for 30 cm water table depth. This is 

because the greatest portion of the 50 cm is E horizon (32 cm) which registers 
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negligible sorption of phosphorus and ammonium. The sorption process was probably 

more pronounced when water table was set at 30 cm from the surface.  

The total amount of rain simulated was 23 cm when water table was set at 30 cm. 

The total amount of rain simulated was 17.4 cm when water table was set at 50 cm. The 

total masses of phosphorus collected from cup E were 21.4 µg and 74 µg when water 

table was set at 30 cm and 50 cm depths respectively. Although it takes longer to 

observe an increase in phosphorus concentration when water table is set at 50 cm 

depth, total mass of phosphorus collected is higher than at 30 cm depth. The distance 

between the soil surface and the water table is increased to 50 cm therefore 

phosphorus has to move a longer distance. Once the concentrations of phosphorus 

have increased at water table depth (50 cm), the concentrations of cup E also increased 

soon after. The distance between the water table and Bh horizon is reduced when water 

table is lowered to 50 cm. The Bh horizon influence on phosphorus movement through 

diffusion is increased since Bh horizon is the most reactive horizon. No phosphorus was 

detected in solutions collected from the cup installed at the end of Bh horizon. The low 

concentrations of phosphorus that reaches Bh horizon were strongly adsorbed. 

Phosphorus moved below the water table through diffusion. Phosphorus moved in 

solution to the water table and therefore the water table has higher concentrations than 

depths below. The concentration gradient created acts as a driving force for diffusion. 

For ammonium, 1.6 mg and 1.1 mg were collected when water table was set at 50 cm 

and 30 cm depths from the surface respectively. Unlike phosphorus, ammonium was 

detected in solutions collected from cup inserted in Bh horizon (Figures 6-30 and 6-31).  
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Nitrate values were very low compared to ammonium values. Since most of time 

during the experiment, soil was close to saturation (mean moisture of 0.204), anaerobic 

conditions lead to denitrification of nitrate (Elmi et al., 2002). The low nitrate values were 

observed at different depths of the columns for unsaturated flow with water table depths 

(Figures 6-7, 6-11, 6-15, 6-20, 6-21, 6-28 and 6-29). In a study conducted by Elmi et al., 

2002, sub-irrigation (water table set at 60 cm from the soil surface) reduced nitrate 

concentrations in the soil profile and this was attributed to saturation that created 

anaerobic conditions. The authors also found out that the denitrification rates were not 

affected by nitrogen application rates. Denitrification rates, 0.17 to 4.23 kgN ha
-1 

day
-1

, 

0.26 to 2.45 kgN ha
-1 

day
-1

, and 0.44 kg N ha
-1 

day
-1

 (relatively uniform) were reported 

by Kliewer and Gilliam, 1995 for 15 cm, 30 cm, and 45 cm water table depths 

respectively. In this study, the authors subjected the three water table depths to 

undisturbed cores of Cape Fear loam (clayey, mixed, thermic Typic Umbraquult) that 

were set up in the field. Water table depth was reported to affect the upward capillary 

liquid flow which enhances continuous liquid pathways that connects water table to the 

soil surface (Shokri and Salvucci, 2011). An inverse relationship between the water 

table and loss of water from soil surface was reported by the authors. The shallower the 

water table, the higher the chances of creating anaerobic conditions above the water 

table that promotes denitrification.  

The ammonium, nitrate, and phosphorus concentrations for A, E, and Bh horizons 

were quantified at the end of the experiment. Measured ammonium concentrations were 

24.7 µg g
-1

, 15.46 µg g
-1

, 15.86 µg g
-1 

for A, E, and Bh horizon respectively. Soil 
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concentrations, 39.36 µg g
-1

 (A horizon), 27.75 µg g
-1

 (E horizon), 4.39 µg g
-1

 (Bh 

horizon) were observed for nitrate. Phosphorus was not detected in A horizon,  

7.78 µg g
-1 

and 3.11 µg g
-1 

were phosphorus values for E and Bh horizons respectively. 

Unlike nitrogen (ammonium and nitrate), A horizon was deprived of applied phosphorus 

through desorption at the end of the experiment. Since nitrogen and phosphorus were 

detected in E and Bh horizons, recorded values must have been due to diffusion. 

Concluding Remarks 

The phosphorus concentrations measured from solutions collected from E horizon 

would have been lower if the plants were included in the experiment. Results revealed 

that lowering the water table depth from 30 cm to 50 cm increases movement of 

phosphorus below the water table. The Bh horizon is probably the most influencing 

factor since distance from the source (water table) to the Bh horizon is reduced by 

lowering the water table depth. A similar trend was observed for ammonium data. The 

amount of phosphorus that is adsorbed by Bh horizon is higher than the A and E 

horizons. The phosphorus and ammonium concentration gradient is higher when the 

water table is lowered to 50 cm.  

Higher retardation factors (for maximum phosphorus and ammonium to bromide) 

for phosphorus and ammonium were observed when water table is set at 30 cm depth 

than when set at 50 cm depth. This is due to the sorption process that is more 

pronounced when water table is set 30 cm depth. Although ammonium was detected in 

solutions collected from Bh horizon, no phosphorus was detected in Bh solutions. This 

is due to higher sorption of phosphorus by Bh horizon. 
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Given similar linearized sorption coefficient value for A horizons, a farm unit with 

largest portion occupied by Immokalee soil will experience higher movement of 

phosphorus and ammonium below the water table than Margate soil. The same amount 

of phosphorus and ammonium will be transferred from upper horizons (A and E) up to 

the water table. The phosphorus and ammonium that will diffuse from water table to the 

Bh horizon will experience higher sorption compared to sorption capacity of Bw horizon 

if A, E, and Bw were packed in the column.   This is pronounced when water table is 

lowered to 50 cm from soil surface. Margate soil is expected not to follow the same 

trend in phosphorus movement since it lacks zone of total carbon and aluminum 

accumulation (Bh horizon).  

Absence of physical non-equilibrium in saturated flow experiment was observed 

after ammonium, nitrate, and chloride data fitting convective-dispersive model. However 

presence of physical non-equilibrium in unsaturated flow experiment has been reflected 

in tailing for the break through curves of bromide, nitrate, and ammonium. Sorption 

kinetics led to tailing in the break through curve of phosphorus. For saturated flow 

experiments, phosphorus movement was described using sorption coefficient and 

sorption kinetics parameters determined using fertilizer mixture and potassium chloride 

(0.01 M KCl). Although it takes long time for movement of phosphorus and ammonium 

below the water table, movement of nutrients is more pronounced when water table is 

set at 50 cm depth for Immokalee soil than 30 cm depth. For this experiment, there was 

no plant and split fertilizer application was not used. Fewer nutrients will diffuse below 

the water table when split application is used in sugarcane fields. Farmers can minimize 

loss of nutrients below the water table and to perimeter ditches if a much deeper water 
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table is maintained and adopt supplemental water application. The hypotheses for the 

column leaching experiment were; (i) reducing distance between water table and Bh 

horizon through lowering water table from 30 cm to 50 cm depth will increase diffusion 

of phosphorus and nitrogen below the water table for Immokalee soil; and (ii) restoring 

water table depth after rainfall events will lead to loss of plant available phosphorus and 

nitrogen out of the sugarcane plants’ root zone. Conducting column leaching 

experiments that involved fluctuating water table, have proven that ammonium and 

phosphorus diffuse below the water table with diffusion more pronounced when water 

table is closer to Bh horizon (50 cm depth). Although there was no crop in this 

experiment, ammonium and phosphorus were detected in solutions collected at water 

table.
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Table 6-1. Properties of the A horizon used for column leaching experiment 

Bulk density 

(g cm
-3

) 

Particle density 

(g cm
-3

) 

Porosity 

(cm
-3 

cm
-3

) 

Pore water 

velocity (cm hr
-1

) 

Pulse 
(pore volume) 

1.49 2.56 0.43 31.93 4.68 

 

Table 6-2. Peak times for bromide, ammonium-nitrogen, and Phosphorus 

Column Location Bromide (days) Ammonium-nitrogen (days) Phosphorus (days) 

Cup A 9 11 20 
Water table (30 cm) 20 22 37 
Water table (50 cm) 59 68 74 

 

 
Figure 6-1. Design of column leaching experiment for saturated flow 
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Figure 6-2. Design of column leaching experiment for unsaturated flow  

 
Figure 6-3. Relative concentration (C/C0) as a function of pore volume for saturated 

flow experiment with A horizon 
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Figure 6-4. Relative ammonium concentration (C/CO) as a function of pore volume for 

saturated flow experiment with A horizon 

 
Figure 6-5. Relative phosphorus concentration (C/Co) as a function of pore volume for 

saturated flow experiment with A horizon 



114 

Time (days)

0 10 20 30 40 50

B
ro

m
id

e
 (

p
p

m
)

0
20
40
60
80

100
120
140
160
180
200

 
Figure 6-6. Bromide concentration as a function of time for cup A 

 
 

Figure 6-7. Nitrate-nitrogen concentration as a function of time for cup A 
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Figure 6-8. Ammonium-nitrogen concentration as a function of time for cup A 
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Figure 6-9. Phosphorus concentration as a function of time for cup A 
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Figure 6-10. Bromide concentration as a function of time for 30 cm water table depth 

 
Figure 6-11. Nitrate-nitrogen concentration as a function of time for 30 cm water table 

depth 
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Figure 6-12. Ammonium-nitrogen concentration as a function of time for 30 cm water 

table depth 
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Figure 6-13. Phosphorus concentration as a function of time for 30 cm water table depth 
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Figure 6-14. Bromide concentration as a function of time for 50 cm water table depth 

Time (days)

50 60 70 80 90

N
it
ra

te
-N

 (
p
p
m

)

0.0

0.2

0.4

0.6

0.8

1.0

 
Figure 6-15. Nitrate-nitrogen concentration as a function of time for 50 cm water table 

depth 
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Figure 6-16. Ammonium-nitrogen concentration as a function of time for 50 cm water 

table depth 
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Figure 6-17. Phosphorus concentration as a function of time for 50 cm water table depth 



120 

Time (days)

0 10 20 30 40 50

B
ro

m
id

e
 (

p
p
m

)

0

1

2

3

4

5

6

7

 
Figure 6-18. Bromide concentration as a function of time for cup E with water table set 

at 30cm 
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Figure 6-19. Bromide concentration as a function of time for cup E with water table set 

at 50 cm 
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Figure 6-20. Nitrate-nitrogen concentration as a function of time for cup E with water 
table set at 30cm 
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Figure 6-21. Nitrate-nitrogen concentration as a function of time for cup E with water 
table set at 50cm 
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Figure 6-22. Ammonium-nitrogen concentration as a function of time for cup E with 

water table set at 30cm 
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Figure 6-23. Ammonium-nitrogen concentration as a function of time for cup E with 
water table at 50cm 
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Figure 6-24. Phosphorus concentration as a function of time for cup E with water table 

set at 30cm 
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Figure 6-25. Phosphorus concentration as a function of time for cup E with water table 

set at 50cm 
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Figure 6-26. Bromide concentration as a function of time for cup Bh with water table set 

at 30cm 
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Figure 6-27. Bromide concentration as a function of time for cup Bh with water table set 

at 50cm 
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Figure 6-28.Nitrate-nitrogen concentration as a function of time for cup Bh with water 

table set at 30cm 
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Figure 6-29. Nitrate-nitrogen concentration as a function of time for cup Bh with water 
table set at 50cm 
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Figure 6-30. Ammonium-nitrogen concentration as a function of time for cup Bh with 

water table set at 30cm 

Time (days)

45 50 55 60 65 70 75 80

A
m

m
o
n
iu

m
-N

 (
p
p
m

)

0

1

2

3

4

5

6

7

 
Figure 6-31. Ammonium-nitrogen concentration as a function of time for cup Bh with 

water table set at 50cm 
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CHAPTER 7 
MANAGEMENT OF WATER AND NUTRIENTS WITHIN THE ROOT ZONE USING 

DRIP IRRIGATION 

Background 

Drip irrigation is used to manage moisture and nutrients within the root zone of 

plants (Ben-Gal and Dudley, 2003; Camp, 1998; Skaggs et al., 2010; Assouline, 2002; 

Thompson et al., 2003; Thompson et al., 2000). In drip irrigation, the pipes that transmit 

water are buried in soil and water emitters are left on the surface (Or, 1996). The water 

emitters are placed close to the plants to achieve higher nutrient solution concentrations 

within the root zones (Ben-Gal and Dudley, 2003). Water release from emitters at set 

time intervals increases nutrient and water uptake by plants (Ben-Gal and Dudley, 

2003). Unlike water release rate, amount of water applied through drip irrigation and 

texture determine the spread and direction of water (Skaggs et al., 2010). According to 

Skaggs et al., (2010), increases in water content increases spread of water content in 

vertical than the horizontal direction. The water application rate was reported to affect 

distribution of water in the soil profile (Assouline, 2002).  For example when the 

application rate of 0.25 L h
-1

 was used, the upper 0-20 cm layer was wettest (Assouline, 

2002). Zones below the emitter were saturated when 8 L h
-1

 application rate was used. 

The surface drip line spacing has been reported to affect plant yield and drainage 

losses from the root zone (Darusman et al., 1997). Decrease in corn yield coupled with 

increase in internal drainage from the root zone beyond a drip line spacing of 1.5 m 

(Darusman et al., 1997). Fertilizers are applied close to sugarcane plants for the roots to 

access the nutrients easily (Ben-Gal and Dudley, 2003). According to Ben-Gal and 

Dudley (2003) improved yields and phosphorus use efficiency reflected in plant tissue 
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phosphorus content were registered when continuous point source irrigation was used.  

A study by Assouline et al., (2002) demonstrated improved yields and reduced water 

loss below the root zone when using drip irrigation. 

Fertilizer mixture (nitrogen, phosphorus, and potassium) is applied on the soil 

surface to sugarcane fields in southwest Florida. Split application of fertilizers is adopted 

to increase nutrient plant uptake efficiency. In the lysimeter study, fertilizer mixture and 

three split fertilizer applications were used. Water applied through irrigation and natural 

rain dissolves the fertilizer mixture allowing nutrients to move into the soil. In this study, 

water was applied to plants through drip irrigation. Part of dissolved phosphorus will 

sorb on soil and the rest will leach below root zone. The mass balance for phosphorus 

can be calculated using the equation, PA = ΔP+PD+PT. Where PA is phosphorus 

applied, ΔP is change in total soil phosphorus, PD is phosphorus in drainage water, and 

PT is phosphorus in plant tissue (Ben-Gal and Dudley, 2003). Nutrient concentrations 

were monitored within the root zone (0-30 cm) and below the root zone (30-45 cm). 

Nutrient concentrations were also monitored in aboveground tissues (leaves and stalks) 

to investigate the response of plants to the applied fertilizers. The goal is that plants 

should adequately utilize the applied nutrients and witness negligible loss of plant 

available nutrients from the root zone. The plants will take up nitrogen as ammonium 

and nitrate ions. Ammonium ions are converted into nitrate ions through nitrification.  

Under high temperatures and alkaline pH, part of applied ammonium will volatilize and 

be lost to the environment (Griggs et al., 2007; Horneck et al., 2011). Ammonium will 

compete with potassium for the exchange sites on soil during sorption process. Nitrate 

can undergo denitrification (conversion of nitrate to gaseous nitrogen) under saturated 



129 

conditions. Quantifying phosphorus and nitrogen forms (ammonium and nitrate) both in 

soil and tissues helps to understand the fate of applied phosphorus and nitrogen 

fertilizers.  

Unlike the traditional way of fluctuating elevated water table, water was managed 

within the root zone through drip irrigation in this study. The aim is to investigate 

whether water and nutrients needed for sugarcane plants can be managed without 

necessarily manipulating the water table. The pumping activities of maintaining water 

table depth after rain fall events can be prevented thus reducing the management costs 

and potential loss of nutrients in drainage water. Use of drip irrigation also reduces  

un-even movement of water during pumping activities thus improving water use. Water 

use efficiency can also be reduced if water moves at flow velocities higher than the 

normal flow velocity during fluctuating water table. Relatively uniform pore water 

velocities were reported when drip irrigation technique was used (Jaynes and Rice, 

1993). In this study, movement of bromide, phosphorus and nitrogen (ammonium and 

nitrate) within (0-30 cm) and below the root zone (30-45 cm) was monitored as a 

function of time. The soil moisture content was also measured as a function of depth 

and time. Nutrient (phosphorus and nitrogen) concentrations and biomass accumulation 

in sugarcane leaves and stalks of sugarcane plants were monitored with time. The 

hypotheses of the study were; (i) drip irrigation can be used to maintain high plant 

available nutrients within the root zone and minimize nutrients loss out of the root zone; 

(ii) sugarcane plants will efficiently respond to applied fertilizers and moisture applied 

through drip irrigation. The objectives of the study were; (i) to assess movement of 

water (bromide), phosphorus, and nitrogen through the root zone of sugarcane plants; 
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(ii) to monitor biomass accumulation and nutrient concentrations in sugarcane plants as 

a function of time. 

Materials and Methods 

A lysimeter study at Southwest Florida Research and Education Center 

(SWFREC) was designed to investigate the effect of drip irrigation on the interaction of 

applied fertilizers (nitrogen, phosphorus, and potassium) with soil and sugarcane plant 

uptake. In addition to natural rain, drip irrigation was used to manage water within the 

root zone of sugarcane plants. The soil phosphorus and nitrogen concentrations were 

monitored as a function of time. The phosphorus and nitrogen concentrations in the 

sugarcane plants were monitored as a function of time.  

Four lysimeters (replicates) were packed with A and E horizons to 80 cm from the 

soil surface. The dimensions of the lysimeters were 3 00 cm by 400 cm equipped with 

moisture sensors and a drainage system for collecting leachates (Figure 7-1). Two rows 

of sugarcane were planted in each lysimeter and fertilizer applications rates at an 

annual rate of 50 kgP2O5 ha
-1

, 200 kgK2O ha
-1

, and 200 kgN ha
-1

 were split into three 

applications per year. The masses of fertilizer nutrients applied to each lysimeter at 

each application were 136.4 g of potassium nitrate, 92 g of urea, and 32.6 g of triple 

super phosphate (46% P). Sampling of soil and sugarcane plants were carried out to 

obtain the background nutrient concentrations before fertilizer application. The fertilizers 

were surface applied on either side of each sugarcane row. Drip emitters placed 5 to  

7.5 cm below the surface irrigated at rate of 2271mL per hour per emitter at 30.5 cm 

spacing. The drip emitters were placed in sugarcane row. The volume, 20290 mLs 

(20.29 L), was applied to each lysimeters daily.    
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Soil was sampled 20 cm from the center of sugarcane rows (irrigated zone) and 

 50 cm from the center of sugarcane rows (non-irrigated zone) using a 3 cm auger. Soil 

samples were taken at 24 positions (12 were irrigated and 12 non-irrigated) at three 

depth increments (0-15 cm, 15-30 cm, and 30-45 cm). Soil sampling period was 

between 6/6/11 and 7/19/11. Soil was sampled every two days for two weeks and every 

week for three weeks. The dates of sampling were 6/6/11, 6/8/11, 6/10/11, 6/12/11, 

6/14/11, 6/16/11, 6/18/11, 6/25/11, 7/2/11, and 7/9/11. At each sampling event, two 

positions for both irrigated and non-irrigated zones per lysimeter were sampled. A 

composite of the two positions was obtained. The total number of samples from four 

lysimeters at each depth for each category (irrigated and non-irrigated) was 40.Two 

hundred forty samples were sampled from irrigated and non-irrigated zones by the end 

of the experiment. The soil was put in plastic bags. After sampling soil, the holes were 

filled with soil to prevent preferential water movement to the bottom of the lysimeter. A 

subsample was frozen and used for ammonium and nitrate extractions. The rest of the 

soil was air dried in the air drying room set at 45
0
C. The air dried soil was used for 

Mehlich 1phosphorus extractions. 

Wet sub soil samples were extracted for nitrogen (ammonium and nitrate) using 

potassium chloride (2 M KCl). Four grams of soil were weighed in to 50 mL centrifuge 

tubes and 40 mLs of potassium chloride (2M KCl) were added. The soil solution was 

shaken using a reciprocating shaker (manufacturer: Eberbach) at low speed for  

30 minutes. After filtering, the solutions were analyzed for ammonium and nitrate using 

rapid flow method (model: Quikchem 8500; manufacturer: LACHAT). In rapid flow 

method, solutions that are used for color development are prepared separately and two 
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calibration curves (ammonium and nitrate calibration curves) are obtained from the 

software. The gravimetric moisture content of all the soil samples was also determined. 

A known mass of wet soil was weighed into aluminum foil container and put into the 

oven set at 105
0
C for 24 hours. Gravimetric water content = [Weight of wet soil-Weight 

of oven dry soil]/Weight of oven dry soil. Before analyzing for Mehlich 1phosphorus, soil 

samples were air dried using a dyer room set at 45
0
C and sieved using a 2 mm sieve. 

The Mehlich 1 solution which is a double acid solution (0.05M HCl and 0.025M H2SO4) 

was used to extract for phosphorus. Five grams were weighed in to 50 mL centrifuge 

tubes and 20 mLs of Mehlich 1 solution was added.  The soil solution was shaken for 5 

minutes at high speed using a reciprocating shaker (manufacturer: Eberbach). The 

filtered solution was then analyzed using inductively coupled plasma (model: Optima 

7000DV; manufacturer: Perkin Elmer).  

Tissue samples (leaves and stalks) were sampled biweekly for one and half 

months. Sixty one short plants, thirty five medium plants, and sixty seven tall plants 

were counted in each lysimeter before the beginning of the experiment. The number of 

plants was enough for sugarcane plant density. Plant sub samples of each category 

(short, medium, and tall) were cut. Three short, two medium, and four tall plants were 

sampled from each lysimeter at every sampling event. The leaves were cut from the 

stalks and mid-ribs removed. Samples were air dried (drying room set at 65
o
C) followed 

by grinding before analyzing for nutrients. The tissue samples were analyzed for 

phosphorus and nitrogen. Total nitrogen was analyzed using carbon-nitrogen analyzer 

(model: NA 2500; manufacturer: CE instruments, Italy) after grinding air dried leaves 

and stalks. The ground tissue samples used passed through a 0.5 mm sieve. 
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Phosphorus was extracted by ashing method. In the ashing method, 0.5 g of ground 

tissue was weighed into 20 mL vials. The vials with the tissue samples were put into the 

furnace set at 500
o
C for 12 hours. After removing the samples from the furnace, the 

samples were digested by pouring 15 mLs of hydraulic acid (0.5 M of HCl) and left to 

stand for 24 hours. Solutions were analyzed for phosphorus using inductively coupled 

plasma (model: Optima 7000DV; manufacturer: Perkin Elmer). The weight of above 

ground biomass was also weighed using a weighing scale after air drying in a dryer 

room set 55
o
C. Sugarcane plants were categorized into short, medium, and tall. 

Subsamples of each category (3 short, 2 medium, and 4 tall) were sampled at every 

tissue sampling event. 

Results and Discussion 

Moisture content (Figures 7-2 and 7-3 ) and bromide concentration (Figures 7-4 

and 7-5) were monitored at 0-15 cm,15-30 cm, and 30-45 cm depths as a  function of 

time for irrigated and non-irrigated zones. The majority of sugarcane plant roots have 

been reported to grow between the soil surface and 30 cm (Smith et al., 2005).   Thus, 

the 0-30 cm depth is considered sugarcane root zone. The phosphorus and nitrogen 

concentrations were monitored in soil from irrigated and non-irrigated zones (Figures 7-

6 to 7-11). Phosphorus and nitrogen in plant tissues (stalks and leaves) were monitored 

as a function of time for short, medium, and tall plants (Figure 7-12 to 7-17). Above 

ground biomass (weight of dry leaves and stalks) for short, medium, and tall plants was 

also monitored as a function of time (Figures 7-18 to 7-20).     

The moisture content (0-15, 15-30, 30-45 cm) for irrigated zone increased to 

21.5% and decreased after 8 days (0-15 cm), 12% and decreased after 8 days (15-30 
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cm), and 14.1% and decreased after 10 days (30-45 cm) (Figure 7-2). Increases in 

water contents observed at the depth increments for the irrigated zone is due to 

precipitation and water applied through drip irrigation. Decreases in water contents at 

different depth increments were observed when plant water uptake coupled with 

evapotranspiration exceeded precipitation and water from drip irrigation (Fisher and 

Healy, 2008). Although the initial moisture contents followed the order, 3.5% (0-15 cm) 

< 7% (15-30 cm) < 11% (30-45 cm), the highest moisture content (21.5%) was 

observed for 0-15 cm depth due to the placement depth of water emitters (Figure 7-2). 

The increase in initial moisture contents with depth is due to the exposure of first layer 

(0-15 cm) to sunlight protecting deeper layers from losing water through evaporation. A 

similar trend in initial moisture contents (4.3% for 0-15 cm, 5.9% for 15-30 cm, and 

10.1% for 30-45 cm) was observed in non-irrigated zone (Figure 7-3). A general 

increase in moisture content was observed at all depths (0-15 cm, 15-30 cm, 30-45 cm) 

for the non-irrigated zone because of lower plant uptake due to reduced root density 

(Figure 7-4). The distribution of water within the 30 cm was observed by Assouline, 

2002 when 2 L h
-1

 water application rate was used. In this study, an application rate of 

2.3 L h
-1

 was used. 

Phosphorus and nitrogen (ammonium and nitrate) increase as precipitation and 

water from drip irrigation dissolves the fertilizer applied along the sugarcane rows and 

reaches a peak when all the fertilizer has dissolved  (Figures7-6 and 7-8). Decreases in 

phosphorus and nitrogen concentrations are caused by plant uptake (Figures 7-6 and 7-

8). Unlike phosphorus and nitrogen fertilizers, bromide was applied in liquid phase on 

soil surface.  Bromide concentrations decreased as it was taken up by plants. Although 



135 

the typical nature of bromide break through curve  is symmetrical, tailing in bromide 

graphs (Figures 7-4 to 7-5) is due to physical non-equilibrium created by mobile and 

immobile water flow zones (Shinde et al., 2001;Fisher and Healy,2008).  Some water 

probably moved at a slower rate than the average rate (Fisher and Healy, 2008). In 

figures, 7-4 and 7-5, a drastic increase was observed for bromide data and tails 

appeared behind the break through curves. The maximum bromide concentration (8.6 

µg g
-1

 soil for 0-15 cm, 4.22 µg g
-1

 soil for 15-30 cm,3.82 µg g
-1

 soil for 30-45 cm) were 

observed after 4, 6, and 4 days respectively (Figures 7-4 ) for irrigated zone. The 

maximum bromide concentration (9.7 µg g
-1

 soil for 0-15 cm, 10.9 µg g
-1

 soil for  

15-30 cm, 4.4 µg g
-1

 soil for 30-45 cm) were observed after 2, 4, and 4 days 

respectively (Figures 7-5) for non-irrigated zone. The magnitudes in value of the highest 

bromide concentration for all depths were higher for non-irrigated zone than irrigated 

zone (Figures 7-4 to 7-5). This is probably due to water and bromide uptake by the 

plants in the root zone and the presence of greater root density that slows water flow. In 

a study conducted by Kung (1990), 53% of applied bromide was reported to have been 

taken up by potato plants. In a corn field that was subjected to furrow and sprinkler 

irrigation, applied bromide concentrations were monitored and percent bromide 

recoveries in soil ranged from 20% to 74% (Butters et al., 2000). High concentrations 

were observed within the root zone and very low concentrations below the root zone. 

Percent bromide recoveries in corn plants averaged to 45% and this was due to corn 

plant uptake (Butters et al., 2000). When greenhouse and field experiments were 

conducted with corn used as a crop, percent bromide recoveries in corn under field 

conditions ranged from 11-38% and 85% of bromide was recovered in corn plants under 
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greenhouse conditions (Jemison Jr and Fox, 1991). Since drip irrigation has been 

reported to reduce water loss through drainage below the root zone (Assouline, et al., 

2002), this can explain the low bromide concentrations below 30 cm depth. 

Although phosphorus values at 0-15 cm and 15-30 cm increased with time (Figure 

7-6), values for phosphorus at 30-45 cm were lower than the background phosphorus 

for the irrigated zone. Applied phosphorus was therefore effectively taken up by plants 

and/or were not leached below the root zone by drip irrigation. Increases in phosphorus 

values for non-irrigated zone (Figure 7-7), shows that phosphorus moved from irrigated 

zone to non- irrigated zone through water from natural rain. For non- irrigated zone, 

increase in phosphorus values was more pronounced at 0-15 cm depth (Figure 7-7). In 

the irrigated zone, maximum phosphorus concentration (32.6 mg kg
-1

soil) was observed 

after 10 days for 0-15 cm, 10 days for 15-30 cm (27.7 mg kg
-1

), and 8 days  for 30-45 

cm (20.7 mg kg
-1

) (Figure 7-6). Phosphorus peaked at 30-45 cm depth before 0-15 cm 

and 15-30 cm depths probably due to absence of roots. In addition to time it takes to 

dissolve the phosphorus applied in solid forms, phosphorus movement is retarded. 

Phosphorus concentration increases as phosphorus is dissolved and later decreases as 

phosphorus is taken up by plants (Figure 7-6). Phosphorus movement is more retarded 

than ammonium due to higher sorption capacity of phosphorus by soil. Hydrogen 

phosphate (H2PO4
-
) ions are negatively charged therefore more attracted by positively 

charged cations on exchange site than positively charged ammonium. Unlike 

ammonium, phosphorus has a potential of sorbing on metals, aluminum, iron, and 

calcium. 
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For the irrigated zone, highest concentrations of ammonium were observed after 4 

days for 0-15 cm (25.6 mg kg
-1

), after 4 days for 15-30 cm (6.5 mg kg
-1

), and after 6 

days for 30-45 cm (4.4 mg kg
-1

) (Figure 7-8). The maximum concentrations of nitrate for 

irrigated zone were observed after 2 days for 0-15 cm (12.5 mg kg
-1

), after 4 days for 

15-30 cm (5.9 mg kg
-1

), and after 6 days for 30-45 cm (3.1 mg kg
-1

) (Figure 7-10). 

Higher concentrations were measured for ammonium than nitrate for irrigated and non- 

irrigated zones (Figure 7-8 and 7-9). Unlike nitrate, ammonium has a potential to react 

with negatively charged surfaces of organic matter. Nitrate therefore has a higher 

potential to leach than ammonium. This also explains why for irrigated and non-irrigated 

zones, highest ammonium concentrations were observed at later times than the highest 

nitrate concentrations (Figures 7-8 to 7-11).  Plants might have preferred nitrate to 

ammonium and mineralization might have increased ammonium concentration within 

the root zone. The high concentrations of ammonium and nitrate within the 30 cm depth 

compared to 30-45 cm depth show that drip irrigation maintains nutrients with in the root 

zone and prevents loss of nutrients below the root zone (Assouline et al., 2002). 

Nitrogen (ammonium and nitrate) concentrations were reported to decrease with depth 

and time after fertigation with drip irrigation (Khalil, 2008). The author used an onion 

crop, emitter discharge rates (2 L h
-1

 and 4 L h
-1

), and monitored nitrogen as a function 

of depth (0-15 cm, 15-30 cm, 30-45 cm, and 45-60 cm).  Ajdary et al., (2007) found that 

nitrogen (ammonium and nitrate) decreased with depth and time after fertilizer 

application within the root zone of onion crop with emitter discharge rates of  

1L h
1
, 2.5 L h

-1
,and 4 L h

-1
. 
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Phosphorus and nitrogen increased with time for short, medium and tall plants 

(Figures 7-12 to 7-17, Tables 7-2 and 7-3). For short plants, tissue phosphorus and 

nitrogen increased up to 28 days and then decreased due to decreased biomass 

storage which affects nutrient storage. The percent increase in total nitrogen in above 

ground tissues after 28 days was 159% for short plants, 74.7% for medium plants after 

42 days, and 68.7% for tall plants after 42 days. The percent increase in phosphorus in 

above ground tissues was 46.9% after 28 days for short plants, 62.2% after 42 days for 

medium plants and 118.3% after 42 days for tall plants. According to Assouline et al., 

(2006), drip irrigation improved phosphorus and nitrogen uptake and this was reflected 

in increased concentrations with time. Drip irrigation also enhanced phosphorus uptake 

by corn plants (Ben-Gal and Dudley, 2003). Increased uptake of nitrogen and above 

ground biomass was also reported by Thompson et al., (2002) when drip irrigation was 

used to raise broccoli. Bell paper leaf nitrogen and phosphorus increased when the crop 

was subjected to drip irrigation (Assouline et al., 2006). 

Above ground biomass gradually increased with time and drastic increase was 

observed after 28 days (Figures 7-18 to 7-20; Table 7-1). The percent increase in above 

ground biomass after 42 days was 140% for tall plants, 86% for medium plants, and 

38% for short plants. Table 7-1 shows the calculations for total biomass in a lysimeter. 

Drip irrigation was reported to increase yield in sweet corn (Assouline, et al., 2002). 

Assouline, (2002) reported increase in yield for corn crop with drip irrigation at water 

application rates of 0.25, 2, and 8 L h
-1

. Although there was no significant difference in 

yields for the three water application rates, highest yield increase was observed with 
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0.25 L h
-1

 application rate.  Corn yield (Ben-Gal and Dudley, 2003) and Bell paper yield 

(Assouline et al., 2006) were also reported to increase with drip irrigation.  

Concluding Remarks 

The placement depth of the water emitters determined the distribution of water 

over time observed in the irrigated zone. Highest moisture content was observed with 

 0-15 cm because the water emitters were installed approximately 7 cm from soil 

surface. The water distribution for non-irrigated zone was determined by rain. Since 

there was reduced plant uptake, water from rain would drain in to lower soil layers. The 

trend for initial moisture content was 30-45 cm > 15-30 cm > 0-15 cm and moisture 

distribution was consistently the same throughout the experiment. 

Although bromide values for the 30-45 cm depth (3.82 µg g
-1

 for irrigated and 

 4.4 µg g
-1

 for non-irrigated zone) did not significantly differ, values for irrigated zone at 

0-15 cm (8.6 µg g
-1

) were significantly greater than the 15-30 cm depth (4.22 µg g
-1

). 

The pattern in bromide distribution is attributed to plant root uptake. Bromide 

concentrations did not significantly differ for 0-15 cm (9.7 µg g
-1

 soil) and 15-30 cm 

(10.9 µg g
-1

 soil) depths within the non-irrigated zone.  When using bromide as a tracer, 

researchers should know that a portion of applied bromide is taken up by plants. In this 

study, maximum bromide recovery within the root zone was 66%, thus 34% was 

probably absorbed by the sugarcane plants. 

Although the water emitters were placed close to the sugarcane rows, nutrients 

can move to non-irrigated zones through runoff by natural rain. This has been reflected 

in the increases in nutrient concentrations for non-irrigated zones. Increases in 

phosphorus concentrations with time were more pronounced in 0-15 cm than increases 
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in nitrogen (ammonium and nitrate) for 0-15 cm, 15-30 cm, and 30-45 cm for non-

irrigated zone. This shows that phosphorus movement was more retarded than nitrogen 

(ammonium and nitrate). The trend in phosphorus and nitrogen concentrations at 

different depths shows that drip irrigation maintained applied nutrients within the root 

zone. Increases in biomass and nutrient concentrations of the above ground tissues as 

a function of time indicated that initial size of the plant influences uptake efficiency, thus 

larger plants are more efficient in obtaining sufficient soil nutrients. This study has 

shown that farmers can comfortably use drip irrigation knowing that plants will respond 

to irrigation technique, minimize loss of nutrients below the root zone, and minimize 

pumping activities during water table depth restoration. The hypotheses of this study 

were; (i) drip irrigation can be used to maintain high plant available nutrients within the 

root zone and minimize nutrients loss out of the root zone; and (ii) sugarcane plants will 

efficiently respond to applied fertilizers and moisture applied through drip irrigation. The 

high concentrations of phosphorus and nitrogen for irrigated zone have proven that drip 

irrigation can be used as irrigation technique to manage moisture and nutrients within 

the root zone. Since phosphorus and nitrogen increased in tissues of plants, plants 

responded to drip irrigation and fertilizers.  
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Table 7-1. Biomass accumulation in tissues as a function of time  

Time(days) Tissue 
 

Weight per plant 
(kg) 

Number of plants Total weight in a lysimeter 
(kg) 

0
S
 Leaves 0.011 61 0.70 

0
S
 Stalks 0.008 61 0.46 

0 Plant 0.019 61 1.16 

14
S
 Leaves 0.013 61 0.81 

14
S
 Stalks 0.021 61 1.27 

14 Plant 0.034 61 2.08 

28
S
 Leaves 0.010 61 0.58 

28
S
 Stalks 0.038 61 2.29 

28 Plant 0.047 61 2.87 

42
S
 Leaves 0.010 61 0.56 

42
S
 Stalks 0.050 61 3.05 

42 Plant 0.060 61 3.61 

0
M

 Leaves 0.017 35 0.60 

0
M

 Stalks 0.056 35 1.97 

0 Plant 0.073 35 2.57 

14
M

 Leaves 0.023 35 0.79 

14
M

 Stalks 0.056 35 1.97 

14 Plant 0.079 35 2.76 

28
M

 Leaves 0.023 35 0.79 

28
M

 Stalks 0.056 35 1.97 

28 Plant 0.079 35 2.76 

42
M

 Leaves 0.028 35 0.99 

42
M

 Stalks 0.119 35 4.16 

42 Plant 0.147 35 5.15 

0
T
 Leaves 0.078 67 5.23 

0
T
 Stalks 0.147 67 9.84 

0 Plant 0.225 67 15.07 

14
T
 Leaves 0.094 67 6.28 

14
T
 Stalks 0.191 67 12.77 

14 Plant 0.284 67 19.05 

28
T
 Leaves 0.100 67 6.70 

28
T
 Stalks 0.231 67 15.50 

28 Plant 0.331 67 22.20 

42
T
 Leaves 0.109 67 7.30 

42
T
 Stalks 0.509 67 34.13 

42 Plant 0.619 67 41.46 

S = Short M = Medium   T = Tall 
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Table 7-2. Phosphorus accumulation in tissues as a function of time  

Time 
(days) 

Tissue 
 

Concentration 
 per plant  

(g kg
-1

) 

Weight of 
biomass per 
plant (kg) 

Number 
of plants 

Total weight  
of biomass in 
lysimeter (kg) 

Total 
phosphorus 
in lysimeter (g) 

0
S
 Leaves 1.98 0.011 61 0.695 1.38 

0
S
 Stalks 2.26 0.008 61 0.464 1.05 

0 Plant  0.019 61 1.159 2.43 

14
S
 Leaves 1.96 0.013 61 0.805 1.58 

14
S
 Stalks 2.38 0.021 61 1.269 3.02 

14 Plant  0.034 61 2.074 4.60 

28
S
 Leaves 2.22 0.010 61 0.580 1.29 

28
S
 Stalks 2.81 0.038 61 2.288 6.43 

28 Plant  0.047 61 2.867 7.72 

42
S
 Leaves 1.73 0.010 61 0.580 1.00 

42
S
 Stalks 2.07 0.050 61 3.050 6.31 

42 Plant  0.060 61 3.630 7.31 

0
M

 Leaves 2.02 0.017 35 0.595 1.20 

0
M

 Stalks 2.33 0.056 35 1.971 4.59 

0 Plant  0.580 35 2.566 5.79 

14
M

 Leaves 2.11 0.023 35 0.795 1.68 

14
M

 Stalks 2.45 0.056 35 1.971 4.83 

14 Plant  0.079 35 2.765 6.51 

28
M

 Leaves 2.00 0.023 35 0.795 1.59 

28
M

 Stalks 2.42 0.056 35 1.971 4.77 

28 Plant  0.079 35 2.765 6.36 

42
M

 Leaves 1.78 0.028 35 0.994 1.77 

42
M

 Stalks 2.03 0.119 35 4.158 8.44 

42 Plant  0.147 35 5.152 10.21 

0
T
 Leaves 1.45 0.078 67 5.233 7.59 

0
T
 Stalks 1.79 0.147 67 9.842 17.62 

0 Plant  0.225 67 15.075 25.21 

14
T
 Leaves 1.53 0.094 67 6.285 9.62 

14
T
 Stalks 1.63 0.191 67 12.770 20.82 

14 Plant  0.284 67 19.055 30.44 

28
T
 Leaves 1.70 0.100 67 6.700 11.39 

28
T
 Stalks 1.79 0.231 67 15.497 27.74 

28 Plant  0.331 67 22.197 39.13 

42
T
 Leaves 1.44 0.109 67 7.316 10.54 

42
T
 Stalks 1.56 0.509 67 34.129 53.24 

42 Plant  0.619 67 41.445 63.78 

S = Short M = Medium   T = Tall 
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Table 7-3. Nitrogen accumulation in tissues as a function of time  

Time 
(days) 

Tissue 
 

Concentration 
 per plant  

(g kg
-1

) 

Weight of 
biomass per 
plant (kg) 

Number 
of plants 

Total weight  
of biomass in 
lysimeter (kg) 

Total nitrogen 
in lysimeter (g) 

0
S
 Leaves 7.5 0.011 61 0.695 5.22 

0
S
 Stalks 2.7 0.008 61 0.464 1.25 

0 Plant  0.019 61 1.159 6.47 

14
S
 Leaves 9.2 0.013 61 0.805 7.41 

14
S
 Stalks 6.7 0.021 61 1.269 8.50 

14 Plant  0.034 61 2.074 15.91 

28
S
 Leaves 13.9 0.010 61 0.580 8.06 

28
S
 Stalks 8.4 0.038 61 2.288 19.22 

28 Plant  0.047 61 2.867 27.27 

42
S
 Leaves 11.4 0.010 61 0.580 6.61 

42
S
 Stalks 3.8 0.050 61 3.050 11.58 

42 Plant  0.060 61 3.630 18.19 

0
M

 Leaves 9.1 0.017 35 0.595 5.41 

0
M

 Stalks 5.8 0.056 35 1.971 11.43 

0 Plant  0.073 35 2.566 16.84 

14
M

 Leaves 11.2 0.023 35 0.795 8.90 

14
M

 Stalks 5.2 0.056 35 1.971 10.25 

14 Plant  0.079 35 2.765 19.15 

28
M

 Leaves 13.4 0.023 35 0.795 10.65 

28
M

 Stalks 5.6 0.056 35 1.971 11.03 

28 Plant  0.079 35 2.765 21.68 

42
M

 Leaves 13.0 0.028 35 0.994 12.92 

42
M

 Stalks 4.0 0.119 35 4.158 16.63 

42 Plant  0.147 35 5.152 29.55 

0
T
 Leaves 8.10 0.078 67 5.233 42.38 

0
T
 Stalks 3.50 0.147 67 9.842 34.45 

0 Plant  0.225 67 15.075 76.83 

14
T
 Leaves 10.6 0.094 67 6.285 66.62 

14
T
 Stalks 3.10 0.191 67 12.770 39.59 

14 Plant  0.284 67 19.055 106.20 

28
T
 Leaves 11.9 0.100 67 6.700 79.73 

28
T
 Stalks 3.40 0.231 67 15.497 52.69 

28 Plant  0.331 67 22.197 132.42 

42
T
 Leaves 9.00 0.109 67 7.316 65.85 

42
T
 Stalks 2.30 0.509 67 34.129 78.50 

42 Plant  0.619 67 41.445 144.34 

S = Short M = Medium   T = Tall 
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Figure 7-1. Layout of the lysimeter 
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Figure 7-2. Moisture content as a function of time and depth for irrigated zone 

 



146 

0-15 cm

M
o

is
tu

re
 (

c
m

3
 c

m
-3

)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

15-30 cm

M
o

is
tu

re
 (

c
m

3
c
m

-3
)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

30-45 cm

Time (days)

0 5 10 15 20 25 30 35

M
o

is
tu

re
 (

c
m

3
c
m

-3
)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

 
Figure 7-3. Moisture content as a function of time and depth for non-irrigated zone 
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Figure 7-4. Bromide as a function of time and depth for irrigated zone 
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Figure 7-5. Bromide as a function of time and depth for non- irrigated zone 
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Figure 7-6. Phosphorus as a function of time and depth for irrigated zone 

 



150 

 
Figure 7-7. Phosphorus as a function of time for non-irrigated zone 
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Figure 7-8. Ammonium-nitrogen as a function of time for irrigated zone 
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Figure 7-9. Ammonium-nitrogen as a function of time and depth for non-irrigated zone 
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Figure 7-10. Nitrate-nitrogen as a function of time and depth for irrigated zone 
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Figure 7-11. Nitrate-nitrogen as a function of time and depth for non-irrigated zone 
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Figure 7-12. Phosphorus in in tissues of short plants as a function of time 

 
 

Figure 7-13. Phosphorus in tissues of medium plants as a function of time 
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Figure 7-14. Phosphorus in tissues of tall plants as a function of time 

 
Figure 7-15. Total nitrogen in tissues of short plants as a function of time 
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Figure 7-16. Total nitrogen in tissues of medium plants as a function of time 

 
Figure 7-17. Total nitrogen in tissues of tall plants as a function of time 
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Figure 7-18. Biomass accumulation for short plants as a function of time 

 
Figure 7-19. Biomass accumulation for medium plants as a function of time 
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Figure 7-20. Biomass accumulation for tall plants as a function of time 
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CHAPTER 8 
CALIBRATION AND VALIDATION OF HYDRUS 1D 

Background 

 Results from modeling with simulation environments may be inaccurate if model 

parameters are not determined correctly. Parameters that are fed in the model should 

be experimentally determined using soil samples from the area of interest. Phosphorus 

sorption coefficients (KD) that describe partitioning of phosphorus between liquid and 

solid phases should also be determined using appropriate electrolyte that is similar to 

ionic strength of the system. Phosphorus movement was modeled using Hydrus 1D to 

identify effect of drip irrigation on management of phosphorus within the root zone of 

sugarcane plants and leaching of phosphorus below the root zone. Since variability of A 

horizon depths have been identified (Chapter 3), A horizon depth was varied in Hydrus 

1D to investigate depths effect on leaching of phosphorus. Phosphorus movement in a 

system that involved elevated water table was modeled using Hydrus 1D.  Bulk density, 

saturated hydraulic conductivity (Ksat) values, constants from moisture release curves 

(α, m, and n), sorption kinetics parameters, linearized sorption coefficients (KD), 

saturated water content and residual moisture content determined experimentally 

(Chapter 4 and 5) were used to calibrate Hydrus 1D. Linearized sorption coefficients 

(KD), was used to describe the partitioning of phosphorus between liquid and solid 

phases (Simunek, 1999). The linearized sorption coefficient values calculated from 

sorption data determined experimentally using potassium chloride (0.01M KCl), fertilizer 

mixture, calcium chloride (0.005 M CaCl2), deionized water, and Florida rain (Chapter 5) 

were used to model phosphorus movement in a lysimeter. In the lysimeter study, drip 
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irrigation was used as irrigation technique to meet sugarcane plant water requirements. 

The different linearized sorption coefficient values were also used to model phosphorus 

movement in a column where elevated water table was fixed. 

The assumptions adopted in Hydrus simulation environment to describe nutrient 

movement include; (i) solutes are assumed to exist in liquid, solid, and gaseous phase 

;(ii) the nonlinear non-equilibrium equations explain interactions between solid and liquid 

phase; (iii) solutes are transported in liquid phase through convection, diffusion, and 

dispersion; and (iv) there can be differences in decay and production processes in each 

phase (Simunek et al., 1999).  

In Hydrus, water movement is modeled using a hydraulic model, VanGenuchten-

Mualem (van Genuchten, 1980). After determining moisture release curves, the 

parameters α, n, m, residual water content (θr) and saturated water content (θs)  (van 

Genuchten, 1980) are estimated. The equation, moisture content (θ) =θr+ (θs-θr)/ [1+ 

(αh)n]m, is used to calculate water content.  Where h is the pressure head and m=1-1/n. 

Modeling a system that involves a crop requires a modeler to account for plant uptake 

and evapotranspiration (Simunek and Hopmans, 2009). Tracers like bromide are 

modeled using equilibrium model and phosphorus sorption is characterized using two 

site model that describes instantaneous sorption and sorption kinetics. 

In this study, Hydrus 1D was calibrated using parameters determined 

experimentally and one dimensional movement of water, bromide, phosphorus, and 

nitrogen (ammonium and nitrate) in a lysimeter and column was modeled. Output 

results for phosphorus when using linearized sorption coefficient  (0.01M KCl), 

linearized sorption coefficient  (fertilizer mixture), linearized sorption coefficient   
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(0.005 M CaCl2), linearized sorption coefficient (deionized water), and linearized 

sorption coefficient (Florida rain) were compared using root mean square errors and 

mean absolute errors. The bromide, phosphorus, and nitrogen (ammonium and nitrate) 

data sets from the lysimeter study and column leaching experiment results (Chapter 6 

and Chapter 7) were used as the validation data sets for Hydrus 1-D. In this study, it is 

hypothesized that phosphorus leaching will be over predicted and or under predicted 

when sorption coefficients determined using different electrolytes are used to model 

phosphorus movement. The objectives were to (i) calibrate Hydrus 1D using the 

saturated hydraulic conductivity (Ksat values), moisture release curve constants (α, n, 

and m), saturated moisture content, residual moisture content, and bulk density, 

linearized sorption coefficient values, and sorption kinetics parameters (k2 and F) and 

(ii) to validate Hydrus 1D using lysimeter study data and column data. 

Materials and Methods 

The parameters used to calibrate Hydrus 1D were; saturated hydraulic 

conductivity (Ksat) values, saturated water content, residual water content, bulk density, 

constants (α, m, and n) calculated from moisture release curve, and sorption 

parameters (KD values and sorption kinetic parameters) (Tables 8-1 and 8-2). Validation 

followed calibration of Hydrus 1D using nutrient concentrations from column leaching 

experiment and lysimeter study. Hydrus 1D was used assuming that in a column 

experiment and at a discharge rate of 2.3 L h
-1

 in a lysimeter, water is moving in vertical 

direction (Skaggs et al., 2010; Vrugt et al., 2001). Bromide, ammonium, phosphorus, 

and water movement were modeled from the soil surface to the end of the A horizon for 

the column leaching experiment. In a column leaching experiment, moisture was 
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modeled at a point, 8 cm from soil surface since moisture sensor was installed at that 

depth. The water table depth was kept at 30 cm (18 cm for A horizon and 12 cm for E 

horizon) for the first six weeks. The rain that was added to the columns was obtained by 

calculating the averages of the daily rainfall received in Immokalee for ten years (Figure 

8-1). For the lysimeter study, water, bromide, nitrogen (ammonium and nitrate) and 

phosphorus were modeled for two months (period of sampling). Figure 8-11 shows the 

amount of rain received in Immokalee during the lysimeter study period. Phosphorus, 

nitrogen, bromide, and water were modeled upto 45 cm.The upper boundary condition 

for water flow was variable head/flux and lower boundary condition for water flow was 

free drainage. The upper boundary condition for simulating phosphorus and bromide 

movement was concentration flux BC and lower boundary condition was concentration 

flux BC.  

The two site non- equilibrium model (Nkedi-Kizza et al., 2006; Simunek and van 

Genuchten, 2008) is used to describe phosphorus sorption behavior by Hydrus model. 

Instantaneous sorption (type 1site) and time dependent (type 2 site) are sites depicted 

by the two site model. For type 1 site, S1=FKDC and for type 2 site, dS2/dt = α[(1-F)KDC-

S2]. Where F is fraction of type I sites, KD is linearized adsorption coefficient (mL/g), and 

α is first-order coefficient (s-1), S1 is solute concentration in to solid phase for type I, and 

S2 is solute concentration into solid phase for type II. The two site non-equilibrium 

sorption is used to describe non-equilibrium adsorption-desorption reactions. 

Convection-dispersion equations model phosphorus transport (Renduo, 2000). One site 

chemical non-equilibrium (kinetic adsorption reaction) was used to model ammonium 

transport in soil (Jellali et al., 2010; Simunek and van Genuchten, 2008). Equilibrium 
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model was used to model bromide movement since bromide is used as a tracer. 

Richards’s equation (Richards, 1931) is used to model water flow and it contains a sink 

term that is a representation of the volume of water removed per unit time from a unit 

volume of soil due to plant uptake. 

Graphical editor in Hydrus 1D was set to have two soil layers1 (A horizon) and 2 

(E horizon) for column leaching experiment and three soil layers (0-15 cm, 15-30 cm, 

and 30-45 cm) for lysimeter study. For a column leaching experiment, 160 mg, 177 mg 

and 38.5 mg were used as initial masses for modeling bromide, ammonium and 

phosphorus movement respectively.  Water, bromide, and phosphorus movement were 

simulated up to six weeks when water table was set at 30 cm from soil surface. The 

linearized sorption coefficient (KD) values,1.12 mL g
-1

, 1.22 mL g
-1

,1.42 mL g
-1

, 

0.6 mL g
-1

, and 0.6 mL g
-1

 determined using fertilizer mixture, potassium chloride 

 (0.01 M KCl), calcium chloride (0.005 M CaCl2), Florida rain, and deionized water 

respectively were used for modeling phosphorus movement in a column leaching 

experiment. For the un calibrated model, 1.05 mLg
-1

 was used to model phosphorus 

movement.  The equation, KD = KfCmax
N-1

, was used to calculate phosphorus sorption 

from the Freundlich isotherms. The maximum concentration (Cmax) from the validation 

data set is used in the equation. The fertilizer mixture KD (0.2 mL g
-1

) was used to 

model ammonium movement (Table 8-2).  

Unlike in validating Hydrus 1D model with column leaching experiment, water and 

nutrient uptake was a component when validating with lysimeter study. The root zone is 

30 cm from the surface. The linearized sorption coefficient values for modeling 
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phosphorus movement in are shown in Tables 8-4 and 8-5. The linearized sorption 

coefficient value that was used to model ammonium movement was 0.2 mL g-1. The root 

water uptake model used was Feddes water uptake reduction model (Simunek and 

Hopmans, 2009). The critical stress index for water and solute uptake used was 1. The 

active solute uptake was used as root solute uptake model and a value, 0.5, was used 

as Michaelis-Menten constant (Simunek and Hopmans, 2009). The Feddes parameters, 

PO, POpt, P2H, P2L, P3, r2H, and r2L used were -0.1,-4,-5,-790,-1000, 0.5 cm day
-1

, 

and 0.1 cmd ay
-1

 respectively were used (Simunek and Hopmans, 2009). Where PO is 

the value of the pressure head below which roots to extract water from the soil; POpt is 

the value of the pressure head below which roots extract water at the maximum 

possible rate;P2H is the value of the limiting pressure head below which roots can 

nolonger extract water at the maximum possible rate (assuming a potential transpiration 

rate of r2H);P2L is the value of the limiting pressure head below which roots can 

nolonger extract water at the maximum rate (assuming a potential transpiration rate of 

r2L);P3 is the value of the pressure head below which root water uptake ceases (usually 

at a wilting point);r2H is the potential transpiration rate set at 0.5 cm day
-1

;and  r2L is 

the potential transpiration rate set at 0.1 cm day
-1

. The A horizon depths were adjusted 

to 30 cm, 40 cm, and 45 cm to identify effect of varying horizon depths in sugarcane 

fields. The A horizon depths varied in the two sugarcane fields with Margate and 

Immokalee soil series.  The steps for modeling water, bromide, phosphorus, and 

nitrogen (ammonium and nitrate) are shown in figures C-1 and C-15.  
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Root mean square error (RMSE) was used to compare experiment data with 

simulation results from Hydrus 1D.
 

 

n

SO

RMSE

n

i

2

1






 , where n = number of pairs, 

O = observed values, S = simulated values, n = total number of observations and  

RMSE = root mean square error. Mean absolute error (MAE) was also used to assess 

how good Hydrus 1D predicts phosphorus movement. Hydrus predicts nutrient 

movement.  Mean absolute error (MAE) =

n

OS //   . Where S = simulated values, 

O = observed values, and n = number of pairs. Nutrient data that was obtained using 

Mehlich 1 extractions were considered to be adsorbed plus solution nutrient 

concentrations. Solution concentration of nutrients were calculated and compared with 

Hydrus results since simulation output is solution concentrations. 

Results and Discussion 

After the calibration process, nutrient (phosphorus and nitrogen), water, and 

bromide data from column leaching experiment and lysimeter study were used to 

validate Hydrus 1D. The patterns of the measured and the simulated moisture values 

for the column leaching experiment are shown in Figure 8-2 .The root mean square 

error and mean absolute error were 0.081 and 0.012 respectively of experimental and 

simulated values. The increase and decrease in water content reflects the pattern for 

added rain (Figure 8-1). The low values of root mean square error and mean square 

error show that the measured moisture content compared well with the simulated 

results. The root mean square error, mean absolute errors, and regression coefficients 

(R
2
) values for bromide, ammonium, and phosphorus for column data are shown in 
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Table 8-3. The regression coefficient for bromide (0.97) and ammonium (0.95) show 

strong agreement between experimental data and model results (Table 8-3; Figures 8-3 

and 8-4). The high root mean square error with linearized sorption coefficient using 

deionized water and Florida rain (7.4) show over prediction of phosphorus movement 

(Table 8-3; Figures 8-9 and 8-10).  The root mean square error values for linearized 

sorption coefficient values obtained using potassium chloride (0.01 M KCl), fertilizer 

mixture, and calcium chloride (0.005 M CaCl2) were 3.40, 3.10, and 2.70 respectively 

(Table 8-3). The root mean square error value compare well with uncalibrated linearized 

sorption coefficient value, 2.65, (Table 8-3). Figures 8-3, 8-4, 8-5, 8-6, 8-7, 8-8, 8-9, and 

8-10 for bromide, ammonium, and phosphorus show the patterns of experimental data 

and simulated values. Values increases with increase in added rain, peak, and 

decrease as more rain is added. Although linearized sorption coefficient using calcium 

chloride (0.005 M CaCl2) was the highest value, the root mean square error values from 

the predictions were closer to predictions when linearized sorption coefficient values 

using potassium chloride (0.01 M KCl) and fertilizer mixtrure were used. Modelers 

dealing with a system that involves fertilizer mixture can use linearized sorption 

coefficient values from potassium chloride (0.01M KCl) to obtain similar predictions. 

Unlike the literature higher molarities of calcium chloride, 0.1M (Rubio et al., 2008) and 

0.01M (Dou et al., 2009), molarity value, 0.005 M, was used to obtain linearized sorption 

coefficient value used for modeling phosphorus movement. Probably reduction in 

concentration of calcium chloride and low total carbon of A horizon does not result in 

greater sorption of phosphorus.  
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Phosphorus and ammonium concentrations over time (Figures 8-9 and 8-10) were 

steeper before 12 days and this is attributed to active nutrient uptake after 12 days that 

leads to reduction in solution nutrient concentrations (Simunek and Hopmans, 2009). 

Unlike in a controlled system (column leaching experiment with fluctuating water table), 

root mean square errors and mean absolute errors were greater (Table 8-4) for the 

lysimeter due to additional processes like plant uptake. Hydrus 1D was validated with 

lysimeter data (bromide, nitrogen, and phosphorus in Chapter 7) for 0-15 cm, 15-30 cm, 

and 30-45 cm depths (Figures 8-12 to 8-52). The regression coefficient for bromide 

(0.97), nitrate (0.97), and ammonium (R
2 

= 0.94) show that Hydrus 1D was validated 

with the lysimeter data (0-15 cm) (Table 8-4 and 8-5). Regression coefficient values 

greater than 0.5 were also obtained for other depths. For the irrigated zone, root mean 

square error for phosphorus results of for example 0-15 cm depth followed the order 

potassium chloride (0.01 M) (3.0) < fertilizer mixture (3.6) < calcium chloride ( 0.005 M) 

(5) < deionized water and Florida rain (19.9) (Table 8-4). Generally, a similar trend was 

observed for15-30 cm and 30-45 cm depths. The root mean square error values for the 

non-irrigated zone (0-15 cm) also followed the same trend. The uncalibrated linearized 

sorption coefficient value, 1.08mLg
-1

, was closer to the linearized sorption coefficient 

using fertilizer mixture and potassium chloride (0.01 M KCl). Unlike the column leaching 

experiment, where linearized sorption coefficient for (0.005M CaCl2 ) registered similar 

predictions as linearized sorption coefficient using fertilizer mixture and potassium 

chloride (0.01 M KCl), root mean square error values for linearized sorption coefficient 

using calcium chloride (0.005M CaCl2) are relatively greater. From validating Hydrus 1D 

with column leaching experiment data and lysimeter data, modelers can model 
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phosphorus movement in sugarcane fields using either linearized sorption coefficient 

using fertilizer mixture or linearized sorption coefficient using potassium chloride (0.01 M 

KCl). When the A horizon depths were varied in the graphical editor, concentrations in 

leachates decreased with increase in A horizon depth (Figure 53). Modelers can 

therefore model phosphorus movement using Hydrus 1D for the systems that involves 

drip irrigation and elevated water table coupled with surface fertilizer (phosphorus, 

potassium, and nitrogen) application. 

Concluding Remarks 

Hydrus 1D can be calibrated with column leaching experiments that involves 

unsaturated flow and fixed water table depth. When modeling water and solute 

transport, the model parameters should be determined using the soil samples packed in 

the columns. The linearized sorption coefficient values determined using potassium 

chloride (0.01M KCl) and fertilizer mixture can be used for modeling phosphorus 

movement when phosphorus is applied to the field as fertilizer mixture. The sorption 

kinetics parameters (F and k2), varied for potassium chloride (0.01M KCl) and fertilizer 

mixture prepared in rain. However results from simulation with Hydrus 1D were not 

affected by the differences in values. Since water, bromide and phosphorus compared 

well with the Hydrus 1D simulated values, the system that involves a fixed water table 

depth can be modeled using Hydrus 1D. Modeling phosphorus movement using varying 

phosphorus sorption coefficient (KD) determined using different electrolytes over 

predicts and under predicts phosphorus leaching. Sorption coefficients determined 

using deionized water and Florida rain over predicts phosphorus leaching. Under 
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predicting phosphorus leaching was observed with sorption coefficients determined 

using calcium chloride (0.005 M CaCl2).  

Hydrus 1D was validated using lysimeter parameters and soil moisture, bromide, 

phosphorus, and ammonium data set. The sorption coefficient determined using 

fertilizer mixture was used to model phosphorus movement. Modelers can model 

changes in nutrient concentrations and water movement for a system that involves 

sugarcane raised using drip irrigation. However in this study, a lysimeter of dimensions 

3 00 cm by 400 cm was used where two rows of sugarcane plants were raised. For this 

experiment, it was hypothesized that phosphorus leaching will be over predicted and or 

under predicted when sorption coefficients determined using different electrolytes are 

used to model phosphorus movement. Results from simulating phosphorus movement 

with different sorption coefficients (KD) determined using different electrolytes have 

proven that linearized sorption coefficients for deionized water and Florida rain over 

predicts leaching. Phosphorus leaching was under predicted with sorption coefficients 

for calcium chloride (0.005 M CaCl2). Results from modeling phosphorus movement 

with sorption coefficients determined using potassium chloride (0.01 M KCl) and 

fertilizer mixture compared well with experimental data.
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Table 8-1. Model inputs for model calibration: modeling water movement  

Model Input Value 

Saturated water content for A horizon (θs) 0.294 
Saturated water content for A horizon (θs) 0.262 
Residual water content for A horizon(θr) 0.057 
Residual water content for A horizon (θr) 0.036 

Saturated hydraulic conductivity for A horizon (cm hr
-1

) 21.4 

Saturated hydraulic conductivity for A horizon (cm hr
-1

) 6.0 

Alpha(α) for A horizon(parameter in the soil water retention function) 0.036 
Alpha(α) for E horizon(parameter in the soil water retention function) 0.036 

Bulk density for A horizon (g cm
-3

) 1.52 

Bulk density for E horizon (g cm
-3

 1.48 

n for A horizon(obtained from soil water retention function 1.89 
n for E horizon(obtained from soil water retention function 1.56 
l for A horizon (tortuosity parameter in conductivity function) 0.5 
l for E horizon (tortuosity parameter in conductivity function 0.5 

  
  
Table 8-2. Model inputs for model validation: Lysimeter study  

 column leaching experiment Value 

KD for A horizon (fertilizer mixture) for phosphorus 1.0 mL g
-1

 

KD for A horizon (0.01 M KCl) for phosphorus 1.1 mL g
-1

 

KD for A horizon (0.005 M CaCl2) for phosphorus 1.3 mL g
-1

 

KD for A horizon (deionized water) for phosphorus 0.6 mL g-1 

KD for A horizon (Florida rain) for phosphorus 0.6 mL g
-1

 

KD for A horizon (fertilizer mixture) for ammonium 0.2 mL g
-1

 

Dispersivity coefficient for A horizon 0.22 
Dispersivity coefficient for E horizon 0.10 
Fraction of type 1 sites for A horizon (fertilizer mixture, 0.01M KCl) for 
phosphorus 

0.6 

Fraction of type 1 sites for A horizon for bromide 1 
β for A horizon(adsorption isotherm coefficient) 1 
Alpha(α) for A horizon(mass transfer coefficient for solute exchange 
between mobile and immobile liquid regions) for phosphorus 

0.07 

Alpha(α) for E horizon(mass transfer coefficient for solute exchange 
between mobile and immobile liquid regions) for phosphorus 

0.07 
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Table 8-3. Root mean square error and mean absolute error: column leaching 
experiment 

Depth Electrolyte for KD RMSE MAE R
2
 

cupA 
Br-

  9.00 7.00 0.97 

cupA 
N
 Fertilizer mixture 6.00 3.40 0.95 

CupA
P
 Uncalibrated 2.65 2.40 0.66 

CupA 
P

 Fertilizer mixture 3.10 2.50 0.66 

cupA 
P

 0.01 M KCl 3.40 2.80 0.65 

cupA
P

 0.005 M CaCl2 2.70 2.50 0.66 

cupA
P

 Deionized water 7.40 6.80 0.63 

cupA
P

 Simulated Florida rain 7.40 6.80 0.63 

P = Phosphorus, N = Ammonium, Br
-
= Bromide, RMSE = Root mean square error, and 

MAE = Mean absolute error. 
 

Table 8-4. Root mean square error and mean absolute error: irrigated zone 

Depth Electrolyte for KD KD (mL g
-1

) Nutrient RMSE MAE R
2
 

0-15 cm    Bromide 0.24 0.34 0.97 
15-30 cm    Bromide 0.58 0.52 0.81 
0-15 cm   Nitrate 1.96 1.23 0.97 
15-30 cm   Nitrate 2.11 1.46 0.96 
0-15 cm  Fertilizer mixture 0.2 Ammonium 3.9 3.6 0.94 
15-30 cm

 
 Fertilizer mixture 0.2 Ammonium 1.1 0.84 0.62 

30-45 cm
 
 Fertilizer mixture 0.2 Ammonium 0.30 0.28 0.88 

0-15 cm Uncalibrated 1.08 Phosphorus 2.96 2.49 0.66 
15-30 cm Uncalibrated 1.08 Phosphorus 3.2 2.79 0.56 
30-45 cm Uncalibrated 1.08 Phosphorus 0.86 0.78 0.95 
0-15 cm  Fertilizer mixture 1.0 Phosphorus 3.6 2.9 0.66 
15-30 cm  Fertilizer mixture 1.0 Phosphorus 2.3 2.1 0.49 
30-45 cm  Fertilizer mixture 1.0 Phosphorus 1.07 0.97 0.95 
0-15 cm  0.01 M KCl 1.1 Phosphorus 3.0 2.5 0.67 
15-30 cm  0.01 M KCl 1.1 Phosphorus 2.6 2.2 0.48 
30-45 cm  0.01 M KCl 1.1 Phosphorus 0.76 0.68 0.95 
0-15 cm 0.005 M CaCl2 1.3 Phosphorus 5 4.5 0.67 

15-30 cm 0.005 M CaCl2 1.3 Phosphorus 3.6 3.1 0.47 

30-45 cm  0.005 M CaCl2 1.3 Phosphorus 0.68 0.48 0.95 

0-15 cm Deionized water 0.6 Phosphorus 19.9 17.0 0.58 
15-30 cm Deionized water 0.6 Phosphorus 7.6 6.3 0.56 
30-45 cm Deionized water 0.6 Phosphorus 3.54 3.36 0.88 
0-15 cm Florida rain 0.6 Phosphorus 19.9 17.0 0.58 
15-30 cm Florida rain 0.6 Phosphorus 7.6 6.3 0.56 
30-45 cm Florida rain 0.6 Phosphorus 3.54 3.36 0.88 
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Table 8-5. Root mean square error and mean absolute error: non-irrigated zone 

Depth Electrolyte for KD KD (mL g
-1

) Nutrient RMSE MAE R
2
 

0-15 cm    Bromide 0.52 0.43  0.95 
15-30 cm    Bromide 0.41 0.36 0.54 
0-15 cm Fertilizer mixture  Nitrate 3.11 2.55 0.77 
15-30 cm Fertilizer mixture  Nitrate 2.89 1.75 0.77 
0-15 cm  Fertilizer mixture 0.2 Ammonium 0.17 0.14 0.98 
15-30 cm

 
 Fertilizer mixture 0.2 Ammonium 0.20 0.18 0.75 

0-15 cm  Fertilizer mixture 1.2 Phosphorus 1.62 1.41 0.73 
15-30 cm  Fertilizer mixture 1.2 Phosphorus 1.20 1.02 0.52 
0-15 cm  0.01 M KCl 1.2 Phosphorus 1.62 1.41 0.73 
15-30 cm  0.01 M KCl 1.2 Phosphorus 1.20 1.02 0.52 
0-15 cm 0.005 M CaCl2 1.6 Phosphorus 2.59 2.31 0.57 

15-30 cm 0.005 M CaCl2 1.6 Phosphorus 1.50 1.26 0.38 

0-15 cm Deionized water 0.6 Phosphorus 4.49 4.39 0.70 
15-30 cm Deionized water 0.6 Phosphorus 1.60 1.13 0.20 
0-15 cm Florida rain 0.6 Phosphorus 4.49 4.39 0.70 
15-30 cm Florida rain 0.6 Phosphorus 1.60 1.13 0.20 
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Figure 8-1. Rain added to columns as a function of time for 30 cm water depth Source: 

fawn.ifas.ufl.edu  

 
 

Figure 8-2. Experimental and simulated moisture as function of time for a sensor at 8 
cm depth 
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Figure 8-3. Experimental and simulated bromide as function of time for cup A 

 
Figure 8-4. Experimental and simulated ammonium as function of time for cup A 
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Figure 8-5. Experimental and simulated phosphorus as function of time for cup A using 

linearized sorption coefficient (uncalibrated) 

 
 

Figure 8-6. Experimental and simulated phosphorus as function of time for cup A using 
linearized sorption coefficient (fertilizer mixture) 
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Figure 8-7. Experimental and simulated phosphorus as function of time for cup A using 

linearized sorption coefficient (0.01 M KCl) 

 
 

Figure 8-8. Experimental and simulated phosphorus as function of time for cup A using 

linearized sorption coefficient (0.005M CaCl2) 

 



178 

 
Figure 8-9. Experimental and simulated phosphorus as function of time for cup A using 

linearized sorption coefficient (Deionized water) 

 
Figure 8-10. Experimental and simulated phosphorus as function of time for cup A using 

linearized sorption coefficient (Florida rain) 
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Figure 8-11. Natural rain received in Immokalee (6/6/11-7/9/11). Source: 

fawn.ifas.ufl.edu 

 
 

Figure 8-12. Experimental and simulated bromide as function of time for irrigated zone 
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Figure 8-13. Experimental and simulated bromide as function of time for non-irrigated 

zone 

 
Figure 8-14. Experimental and simulated bromide as function of time for irrigated zone 
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Figure 8-15. Experimental and simulated bromide as function of time for non-irrigated 

zone 

 
Figure 8-16. Experimental and simulated nitrate as function of time for irrigated zone 
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Figure 8-17. Experimental and simulated nitrate as function of time for non-irrigated 

zone 

 
Figure 8-18. Experimental and simulated nitrate as function of time for irrigated zone 
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Figure 8-19. Experimental and simulated nitrate as function of time for non-irrigated 

zone 

 
 

Figure 8-20. Experimental and simulated ammonium as function of time for irrigated 
zone 
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Figure 8-21. Experimental and simulated ammonium as function of time for non-irrigated 

zone 

 
Figure 8-22. Experimental and simulated ammonium as function of time for irrigated 

zone 
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Figure 8-23. Experimental and simulated ammonium as function of time for non- 
irrigated zone 

 
Figure 8-24. Experimental and simulated ammonium as function of time for irrigated 

zone 
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Figure 8-25. Experimental and simulated phosphorus as function of time for irrigated 

zone 

 
Figure 8-26. Experimental and simulated phosphorus as function of time for irrigated 

zone 
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Figure 8-27. Experimental and simulated phosphorus as function of time for irrigated 

zone 

 
 

Figure 8-28. Experimental and simulated phosphorus as function of time for irrigated 
zone 
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Figure 8-29. Experimental and simulated phosphorus as function of time for non-

irrigated zone 

 
Figure 8-30. Experimental and simulated phosphorus as function of time for irrigated 

zone 
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Figure 8-31. Experimental and simulated phosphorus as function of time for non-

irrigated zone 

 
 

Figure 8-32. Experimental and simulated phosphorus as function of time for irrigated 
zone 
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Figure 8-33. Experimental and simulated phosphorus as function of time for irrigated 

zone 

 
Figure 8-34. Experimental and simulated phosphorus as function of time for non-

irrigated zone 
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Figure 8-35. Experimental and simulated phosphorus as function of time for irrigated 

zone 

 
Figure 8-36. Experimental and simulated phosphorus as function of time for non-

irrigated zone 
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Figure 8-37. Experimental and simulated phosphorus as function of time for irrigated 

zone 

 
Figure 8-38. Experimental and simulated phosphorus as function of time for irrigated 

zone 
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Figure 8-39. Experimental and simulated phosphorus as function of time for non-

irrigated zone 

 
Figure 8-40. Experimental and simulated phosphorus as function of time for irrigated 

zone 
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Figure 8-41. Experimental and simulated phosphorus as function of time for non-

irrigated zone 

 
Figure 8-42. Experimental and simulated phosphorus as function of time for irrigated 

zone 
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Figure 8-43. Experimental and simulated phosphorus as function of time for iriigated 

zone 

 
Figure 8-44. Experimental and simulated phosphorus as function of time for non-

irrigated zone 
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Figure 8-45. Experimental and simulated phosphorus as function of time for irrigated 

zone 

 
Figure 8-46. Experimental and simulated phosphorus as function of time for non-

irrigated zone 
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Figure 8-47. Experimental and simulated phosphorus as function of time for irrigated 

zone 

 
Figure 8-48. Experimental and simulated phosphorus as function of time for irrigated 

zone 



198 

 
Figure 8-49. Experimental and simulated phosphorus as function of time for non- 

irrigated zone 

 
Figure 8-50. Experimental and simulated phosphorus as function of time for irrigated 

zone 
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Figure 8-51. Experimental and simulated phosphorus as function of time for non- 

irrigated zone 

 
 

Figure 8-52. Experimental and simulated phosphorus as function of time for irrigated 
zone 
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Figure 8-53. Simulated phosphorus in leachate as a function of horizon depths
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CHAPTER 9 
CONCLUSIONS 

Studying variability of soil characteristics in sugarcane fields is important. This 

helps in demarcating the fields according to the distribution of soil characteristics. 

Nutrient movement and yield distribution can therefore be studied according to the 

distribution of soil characteristics. This study has revealed that there are variations in A 

horizon depths in sugarcane fields with Immokalee and Margate soil series. The 

variability in A horizon depth helps farmers to know that different but predictable 

patterns of phosphorus and nitrogen losses occur below the root zone. Unlike A and E 

horizons that exists in Margate and Immokalee soils, the underlying horizons (Bh and 

Bw) affect the distribution of total carbon, oxalate-extractable aluminum, oxalate-

extractable iron, and pH. The limestone led to high measured pH values (maximum pH 

value of 7.9) at 60-90 cm depth for Margate field. Sampling Bh horizon at 60-90 cm 

depth led to high observed total carbon values (maximum total carbon value of  

77.4 g kg
-1

 soil) for Immokalee field. Although the same fertilizer application rates are 

adopted by the farmers, the magnitude of total carbon values, iron, aluminum, and pH 

will affect the sorption of phosphorus and nitrogen. The leaching of nutrients below the 

root zone (0-30cm) will also depend on the capacity of surface horizon to sorb nutrients. 

After observing the variability of soil characteristics in sugarcane fields with different soil 

orders, differences in patterns of phosphorus and nitrogen accumulations occur within 

the root zone. In future, farmers should study distribution of soil characteristics using 

other soil series that are used for sugarcane production. Before studying distribution of 

soil characteristics in two sugarcane fields, it was hypothesized that, soil characteristics 

for two dominant sandy soils used for sugarcane production in south Florida will vary 
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spatialy and with depth and this will lead to different patterns of phosphorus 

accumulations. Variability of soil characteristics was observed in two sugarcane fields 

and correlation coefficients showed that soil characteristic that determined most 

distribution of total phosphorus was total carbon. 

Although constants calculated constants (α, n, and m), saturated moisture content, 

and residual moisture content were not significantly different, saturated hydraulic 

conductivity (Ksat) values for A , E, and Bh horizons of Immokalee soil were significantly 

different. The hypothesis, the retention curve constants (α, n, and m), saturated water 

content, residual water content, and  saturated hydraulic conductivity (Ksat),  values for 

A , E, and Bh horizons of sandy Immokalee soil will be different when determined 

experimentally, was proven when observed saturated hydraulic conductivity values for 

A, E, and Bh horizons were significantly different.  

Different electrolytes used by researchers result in different values of linearized 

sorption coefficient values for the same soil.  The supporting electrolyte that should be 

used to mimic the ionic strength of fertilizer mixture (nitrogen, phosphorus, and 

potassium) used by sugarcane growers is potassium chloride (0.01M KCl). The initial 

phosphorus solutions should be prepared with the ionic strength close to liquid phases 

of the system of interest. Changes in sorption kinetics parameters (k2 and F), when 

potassium chloride (0.01M KCl) and fertilizer mixture are used do not affect modeling 

results. Farmers who model nutrient movement in sugarcane fields should use 

potassium chloride (0.01 M KCl) and soil samples from sugarcane fields of interest to 

characterize sorption equilibria and sorption kinetics of phosphorus. After observing 

significant differences in phosphorus sorption coefficient determined using different 
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electrolytes, the hypothesis, phosphorus sorption coefficients (KD) when determined 

using different supporting electrolytes (0.01M KCl, 0.005M CaCl2, simulated Florida 

rain, deionized water, and fertilizer mixture) will significantly differ was proven.   

Ammonium, nitrate, and chloride data from saturated flow experiment fit 

convective-dispersive model and this shows absence of physical non-equilibrium. The 

tailing in the break through curves of bromide and nitrate data shows presence of 

physical non-equilibrium in unsaturated flow experiment. Tailing of phosphorus data 

from saturated and unsaturated flow experiment shows presence of sorption kinetics. 

After lowering the water table to 50 cm depth (water table closer to Bh horizon), the 

concentration gradient was increased which led to increased diffusion of phosphorus 

below the water table.  Phosphorus diffusion below the water table increases with 

decrease in distance between the water table and Bh horizon. Unlike Immokalee soil 

with Bh horizon after A and E horizons, Margate will not exhibit the same pattern in 

phosphorus movement.  The Bw horizon does not sorb as much phosphorus as Bh 

horizon. Unlike Bw, Bh horizon will sorb significant amount of phosphorus due to 

organically complexed aluminum and iron. Since it takes long time to observe high 

concentrations of phosphorus and ammonium below water table for Immokalee soil, 

alternatives like drip irrigation should be used while maintaining much deeper water 

table depth. Split fertilizer applications should be maintained by the farmers. Data from 

column leaching experiments have shown that diffusion of ammonium and phosphorus 

below the water table is more pronounced when water table is lowered closer to Bh 

horizon (50 cm depth). This observation has proven that the hypothesis, reducing 

distance between water table and Bh horizon through lowering water table from 30 cm 
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to 50 cm depth will increase diffusion of phosphorus and nitrogen below the water table 

for Immokalee soil.  Detecting ammonium and phosphorus in solutions collected from 

30 cm and 50 cm depths shows that atleast a portion of applied nutrients will be lost 

during water table management. The observation proves the hypothesis, restoring water 

table depth after rainfall events will lead to loss of plant available phosphorus and 

nitrogen out of the sugarcane plants’ root zone.  

Results from lysimeter study have demonstrated that, moisture and nutrients 

(phosphorus and nitrogen) were retained within the root zone by drip irrigation. Moisture 

content and nitrogen values within the root zone (0-30 cm) were observed to be 

consistently higher than values at 30-45 cm depth. Phosphorus and nitrogen masses in 

tissues increased with time. This showed that sugarcane plants responded to applied 

phosphorus and nitrogen. Increase in biomass with time also showed that, plant growth 

was enhanced by drip irrigation coupled by applied phosphorus and nitrogen. To 

minimize loss of nutrients below the root zone and pumping activities, farmers should 

consider drip irrigation as an alternative for water management. Researchers should 

know that a portion of bromide is taken up by sugarcane plants before it is used as a 

tracer. Throughout the whole lysimeter study, higher phosphorus and nitrogen 

concentrations were observed within 30 cm depth (root zone) than below the root zone 

(30-45 cm). This observation proves the hypotheses, drip irrigation can be used to 

maintain high plant available nutrients within the root zone and minimize nutrients loss 

out of the root zone. Increases in nitrogen, phosphorus, and biomass with time for 

leaves and stalks has proven the hypothesis, sugarcane plants will efficiently respond to 

applied fertilizers and moisture applied through drip irrigation.  
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Hydrus 1D can be used to model one dimensional movement of phosphorus, 

nitrogen, and bromide in an environment that involves a fixed water table depth and drip 

irrigation as a water management technique for sugarcane. The saturated hydraulic 

conductivity (Ksat), saturated water content, residual water content, linearized sorption 

coefficient values, and kinetics parameters (K2 and F) should be experimentally 

determined. The soil materials used for column leaching experiments should be used to 

determine the model parameters. Hydrus 1D was validated using the nutrient data 

collected from lysimeter study and column leaching experiment that involved fluctuating 

water table. Hydrus 1D predicted well nutrient movement within the root zone. Modelers 

can therefore model phosphorus and nitrogen movement however the appropriate 

linearized sorption coefficient value for phosphorus should be determined using 

potassium chloride (0.01 M KCl). Farmers should generate databases of constants like 

saturated hydraulic conductivity (Ksat) and sorption coefficients using soil samples from 

different soil orders. Reliable constants can be used to model water and nutrient 

movement in farmers’ sugarcane fields. Modeling phosphorus movement with linearized 

sorption coefficient (Florida rain and deionized water) and linearized sorption coefficient 

(0.005 M CaCl2) over predicts and under predicts leaching respectively. The 

observation has proven the hypothesis, phosphorus leaching will be over predicted and 

or under predicted when sorption coefficients determined using different electrolytes are 

used to model phosphorus movement. 
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APPENDIX A 
HISTOGRAMS FOR SPATIAL VARIABILITY DATA 
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Figure A-1. Histogram for A horizon depth from Immokalee soil 

 
Figure A-2. Histogram for total carbon (0-30cm) from Immokalee soil 
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Figure A-3. Histogram for total carbon (30-60cm) from Immokalee soil 

 
Figure A-4. Histogram for total carbon (60-90cm) from Immokalee soil 
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Figure A-5. Histogram for pH (0-30cm) from Immokalee soil 
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Figure A-6. Histogram for pH (30-60cm) from Immokalee soil 
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Figure A-7. Histogram for pH (60-90cm) from Immokalee soil 

 
Figure A-8. Histogram for oxalate aluminum (0-30 cm) from Immokalee soil 
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Figure A-9. Histogram for oxalate aluminum (30-60 cm) from Immokalee soil 

 
Figure A-10. Histogram for oxalate aluminum (60-90 cm) from Immokalee soil 
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Figure A-11. Histogram for oxalate iron (0-30 cm) from Immokalee soil 

 
Figure A-12. Histogram for oxalate iron (30-60 cm) from Immokalee soil 
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Figure A-13. Histogram for oxalate iron (60-90 cm) from Immokalee soil 

 
Figure A-14. Histogram for oxalate phosphorus (0-30 cm) from Immokalee soil 
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Figure A-15. Histogram for phosphorus saturation ratio (0-30 cm) from Immokalee soil 

 
Figure A-16. Histogram for total phosphorus (0-30 cm) from Immokalee soil 
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Figure A-17. Histogram for total phosphorus (30-60 cm) from Immokalee soil 

 
Figure A-18. Histogram for total phosphorus (60-90 cm) from Immokalee soil 
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Figure A-19. Histogram for exchangeable calcium (0-30 cm) from Immokalee soil 
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Figure A-20. Histogram for exchangeable calcium (30-60 cm) from Immokalee soil 
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Figure A-21. Histogram for exchangeable calcium (60-90 cm) from Immokalee soil 
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Figure A-22. Histogram for A horizon depth from Margate soil 
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Figure A-23. Histogram for total carbon (0-30 cm) from Margate soil 

 
Figure A-24. Histogram for total carbon (30-60 cm) from Margate soil 
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Figure A-25. Histogram for total carbon (60-90 cm) from Margate soil 
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Figure A-26. Histogram for pH (0-30 cm) from Margate soil 
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Figure A-27. Histogram for pH (30-60 cm) from Margate soil 
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Figure A-28. Histogram for pH (60-90 cm) from Margate soil 
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Figure A-29. Histogram for oxalate aluminum (0-30 cm) for Margate soil 

 
Figure A-30. Histogram for oxalate aluminum (30-60 cm) from Margate soil 
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Figure A-31. Histogram for oxalate aluminum (60-90 cm) from Margate soil 

 
Figure A-32. Histogram for oxalate iron (0-30 cm) from Margate soil 



222 

 
Figure A-33. Histogram for oxalate iron (30-60cm) from Margate soil 

 
Figure A-34. Histogram for oxalate iron (60-90cm) from Margate soil 
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Figure A-35. Histogram for oxalate phosphorus (0-30cm) from Margate soil 

 
Figure A-36. Histogram for oxalate phosphorus (60-90 cm) from Margate soil 
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Figure A-37. Histogram for phosphorus saturation ratio (0-30 cm) from Margate soil 

 
Figure A-38. Histogram for phosphorus saturation ratio (60-90 cm) from Margate soil 
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Figure A-39. Histogram for total phosphorus (0-30 cm) from Margate soil 

 
Figure A-40. Histogram for total phosphorus (30-60 cm) from Margate soil 
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Figure A-41. Histogram for total phosphorus (60-90 cm) from Margate soil 
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Figure A-42. Histogram for exchangeable calcium (0-30 cm) from Margate soil 
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Figure A-43. Histogram for exchangeable calcium (30-60 cm) from Margate soil 
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Figure A-44. Histogram for exchangeable calcium (60-90 cm) from Margate soil 
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APPENDIX B 
GRAPHS FROM SORPTION EXPERIMENTS 

 
Figure B-1. Phosphorus sorption isotherm in A and Bh horizons of Immokalee soil using 

calcium chloride (0.005M CaCl2) 

 
 

Figure B-2. Phosphorus sorption isotherm in A and Bh horizons of Immokalee soil using 
deionized water 



229 

 
Figure B-3. Phosphorus sorption isotherm in A and Bh horizons of Immokalee soil using 

Florida rain 

 
Figure B-4. Phosphorus sorption isotherm in A and Bw horizons of Margate soil using 

calcium chloride (0.005 M CaCl2) 
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Figure B-5. Phosphorus sorption isotherm in A and Bw horizons of Margate soil using 

deionized water 

 
Figure B-6. Phosphorus sorption isotherm in A and Bw horizons of Margate soil using 

Florida rain 
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Figure B-7. Relative concentration (C/C0) as a function of time with potassium chloride ( 

0.01M KCl) 

 
Figure B-8. Relative concentration (C/C0) as a function of time with potassium chloride 

(0.01M KCl) 
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Figure B-9. Relative concentration (C/C0) as a function of time with fertilizer mixture 
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APPENDIX C 
PROCEDURE FOR CALIBRATION AND VALIDATION OF HYDRUS 1D 

 
Figure C-1. Main processes 

 
Figure C-2. Geometry information 
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Figure C-3. Time information 

 
Figure C-4. Soil hydraulic model 
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Figure C-5. Water flow parameters 

 
Figure C-6.  Water flow boundary conditions 
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Figure C-7. Non-equilibrium solute transport models 

 
Figure C-8. Solute transport parameters 
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Figure C-9. Solute transport and reaction parameters 

 
Figure C-10. Solute transport boundary conditions 
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Figure C-11. Root water and uptake model 

 
Figure C-12. Root water uptake model parameters 
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Figure C-13. Root growth parameter-logistic growth function 

 
Figure C-14. Time variable boundary conditions 
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Figure C-15. Soil profile –graphical editor 
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