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Soil variability is a common problem in Florida citrus production. However, only limited 

progress has been made in characterizing and managing soil variability to identify and rectify the 

limitations, to maximize profit, or reduce environmental impacts.  

Therefore, this study was designed to characterize wide-ranging aspects of variability in 

these sandy soils and to develop methods to ameliorate critical limiting factors affecting Florida 

citrus production. To achieve this, a citrus grove was divided into five productivity zones based 

on tree canopy volume using geographic information system software. These five zones were 

termed “very poor,” “poor,” “medium,” “good,” and “very good” productivity zones. To 

characterize horizontal and vertical soil variability of chemical, physical, mineralogical and 

biological properties, six random soil samples were collected from each productivity zone at 

depth increments of 0-15, 15-30, 30-45 and 45-60 cm. Soil organic matter, nutrient 

concentrations, soil color, sand content and water retention parameters varied greatly along the 

productivity zone and the soil depth. Soil organic matter, sand grain coatings, soil color and soil 

permanent wilting point contributed significantly to the predictive models developed using 

partial least squares (PLS) regression. These models explained 54 to 71% variance for canopy 
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volume, which increased with the increased root zone depth. For amelioration, two greenhouse 

experiments with sorghum and radish as bioassay crops were used to study productivity zone, 

water content, soil amendment, and rate of amendment. The results revealed that application of 

cheap byproducts like phosphatic clay or iron water treatment residuals at 5 % rates can increase 

water retention and productivity in the poor areas. These amendments can be cost effective when 

applied at planting to each tree, and can increase profit in few years when applied to low-

yielding areas. In addition, applying frequent small irrigations can enhance water availability in 

the excessively drained sandy soils of the weakest production zones. 

The results of this study will assist in planning soil sampling, characterizing soil 

variability, making land use decisions, and ameliorating unproductive areas of both new fields 

and established citrus groves. Careful management of soil variability can improve crop 

production, increase revenue, and reduce potential environmental contamination. 

 



 

20 

CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 

Introduction 

 Citrus is one of the most important horticultural crops in Florida. Florida citrus 

production occupies an area of 221,760 ha with an annual production of 7.21 million tons and a 

crop value of $1.36 billion (Florida Agricultural Statistics, Citrus Summary, 2008). Florida citrus 

production contributes 70% of the total US citrus production. Based on the geographic regions, 

Florida is divided into four major citrus production regions: the central ridge, the Peace River, 

the Gulf, and the Indian River. The central ridge region is about 30 m above mean sea level 

(MSL), whereas the flatwoods of the Gulf and Indian River occur at 10 m or less above MSL, 

and the Peace River region is at 10-30 m above MSL (Obreza and Collins, 2002).  

Florida citrus is generally planted on three soil orders called Entisols, Spodosols and 

Alfisols (Obreza and Collins, 2002). Entisols are found mostly on the central ridge areas. These 

soils have weak or no diagnostic subsurface horizon and have very low fertility, organic matter 

content, cation exchange capacity (CEC) and water holding capacity (WHC). These are well 

drained soils and are very suitable for citrus production as they allow proper aeration and deep 

root penetration. 

The areas of the west coast mostly contain Spodosols, with a subsurface diagnostic horizon 

that originated due to illuvial accumulation of amorphous aluminum (Al) and iron (Fe) combined 

with organic carbon (the “spodic” or Bh” horizon). A spodic horizon is acidic in nature and has 

high organic matter content. If it gets mixed with surface horizons during land leveling, it 

increases the acidity and organic matter content of the surface soil. These soils also have low 

fertility, organic matter, CEC, and WHC, and are poorly drained due to the presence of the 

spodic horizon. 
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The areas of the east coast contain both Spodosols and Alfisols. Alfisols contain a 

subsurface diagnostic horizon dominated by quartz sand with some illuvial clay that is called an 

“argillic” or “Bt” horizon. These soils have higher fertility and WHC compared with Entisols 

and Spodosols, and they are also poorly drained.  

The limitations of low inherent soil fertility of soils under Florida citrus production are 

usually overcome by intensive fertilizer and irrigation management. However, on some sandy 

soils, relatively large localized areas in citrus groves support chronically poor growth and yield. 

The patches of soil where trees grow poorly are much lighter in color than surrounding high-

yielding areas. The soils of productive areas have sand grains of yellow color while unproductive 

areas are gray or white in color, which may be because light-colored soils have been stripped of 

organic matter, clay and Fe and Al oxides that coat sand grains in other soils. The variation in 

soil color corresponding to the variability in tree growth indicates that the localized yield 

reduction can be correlated with variable characteristics of soil.  

However, the systematic characterization of this soil variability has not been done. 

Optimum productivity cannot be achieved if a grove is managed as a single unit irrespective of 

variations in soil characteristics. Hence, understanding the variability in soil fertility is the key 

factor for the useful implementation of variable rate fertilizer and amendment applications in a 

site-specific precision agriculture program. This can be achieved by carefully planning soil 

sampling and characterizing soil variability spanning the entire range of differential citrus 

productivity.  

Mapping the Productivity of a Spatially Variable Citrus Grove 

Citrus growers are generally well aware of soil variability within fields but have not 

previously had tools to manage soils based on spatial variability. Production practices in 

agriculture are constantly changing and being modified. The introduction of site-specific crop 
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management (SSCM), also known as precision farming, can be a successful management tool for 

increasing the productivity of citrus groves having variable tree growth. With precision farming, 

areas of land or crops within a field are managed with different levels of input according to their 

specific requirement. The technology includes the global positioning system (GPS) and 

geographic information system (GIS) coupled with yield monitoring, remote sensing, and 

variable rate application equipment. Each crop production unit can be managed with inputs on a 

site-specific basis to reduce waste, increase profits, and maintain the quality of the environment 

(Morgan and Ess, 2003). There is a large potential for the adoption of precision agriculture 

technologies in citrus production where site specific tree growth and fruit yield can be mapped 

and related to site specific soil characteristics. 

Geostatistics provide an eloquent method of interpolating data from sampled points to 

unsampled locations, therefore, precision soil sampling schemes improve the analysis of field 

soil properties by quantifying and mapping the spatial variation of the measured properties 

within the field. Grid soil sampling has been commonly used for characterizing spatial variability 

within a field, but it is very expensive as it requires a large number of samples (Khosla and 

Alley, 1999; Brouder et al., 2005). Dividing the field into management zones for soil sampling 

has been suggested as an alternative to grid soil sampling (Doerge, 1999) in which soil samples 

are collected within each zone of relatively homogeneous soil properties.  

Yield mapping is a logical starting point for site specific nutrient management. Crop yield 

can be considered as a good indicator for delineating stable management zones (Bakhsh et al., 

2000). Site-specific yield monitoring and mapping systems for citrus production have been used 

to map the productivity of citrus groves (Miller and Whitney, 1999; Whitney et al., 1999; 

Schumann et al., 2004). Whitney et al. (1999) correlated spatially variable yield maps with citrus 
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tree canopy size. Ultrasonically measured citrus tree canopy volume is a rapid method and is 

highly correlated with manually measured canopy volume, with R2 ranging from 0.90 to 0.96 

(Whitney et al., 2002), R2 = 0.944 (Schumann and Zaman, 2005) and R2 ranging from 0.95 to 

0.99 (Zaman and Schumann, 2005).  Zaman et al. (2006a) reported that ultrasonically measured 

canopy volume was highly correlated (R2 = 0.80) with fruit yield of Valencia oranges. 

Remote sensing has also been widely used to map the temporal and spatial variability of 

crops, which is based on the relationships between the spectral data from reflected 

electromagnetic radiation and various biophysical and physiological parameters of the crops. The 

normalized difference vegetation index (NDVI), which is a measure of vegetation health, can be 

used to estimate yield or above ground biomass of citrus trees. Zaman and Schumann (2006) 

investigated the variability of soil properties in a Florida citrus grove and found good correlation 

between NDVI and yield limiting soil properties. Based on strong correlation between the 

variation in soil properties and NDVI, they suggested delineating management zones based on 

NDVI for variable rate fertilizer application. 

A citrus grove with variable tree growth can be divided into different zones based on the 

fruit yield, canopy volume, NDVI, or other descriptors of the field like soil electrical 

conductivity (EC) and elevation. These management zones can be further used for planning soil 

sampling and characterizing soil variability.  

Characterization of Spatial Soil Variability 

Detailed characterization of soil variability is required to evaluate and quantify spatial 

variation in citrus grove productivity. Various soil chemical, physical, mineralogical and 

microbiological properties can have independent or combined effects on citrus tree growth and 

yield variability. 
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Soil pH has important considerations for citrus production as it affects the availability of 

other nutrients.  Low pH values reduce the uptake of phosphorus (P), potassium (K), calcium 

(Ca), and magnesium (Mg) and cause the toxicity of hydrogen (H), manganese (Mn) and 

aluminum (Al) impairing root growth and negatively affecting citrus tree growth and fruit 

production. On the other hand, high soil pH reduces micronutrient availability (Marschner et al., 

1990). Citrus grown on high pH soils show deficiency symptoms like yellowing of young 

growth, interveinal chlorosis, and dieback of branches related to deficiencies of Fe, Mn or Zn. 

Increases in pH and soil CaCO3 concentrations have been negatively correlated with citrus yield 

and canopy volume (Obreza, 1995). The optimum pH range for citrus production is 6.0-6.5 

(Obreza and Morgan, 2008).  Due to the acidic nature of Florida soils, they are limed frequently 

to increase yield. Anderson (1987), observed an increase in yield of 50% by increasing soil pH 

from 5.l to 7.0 in 7 years and to 200% in 10 years. Similar increase in yield due to increased soil 

pH has been reported for Florida citrus production (Koo, 1971; Quaggio et al., 1994). 

Soil organic matter is an important indicator of soil quality and productivity, but organic 

matter varies greatly within the fields. These variations of organic matter content are strongly 

correlated to yield variability (Mulla and Bhatti, 1997; Ayoubi et al., 2007). Soil organic matter 

is of particular interest in productivity because of its role in improving soil chemical, physical 

and microbiological properties, but Florida soils are typically low in organic matter content due 

to the rapid decomposition of organic matter under high temperature and rainfall conditions. 

Organic matter has dissociable H ions in OH and COOH groups of aliphatic and aromatic 

compounds that increase net negative charge, CEC, and nutrient retention (Asadu et al., 1997; 

Beldin et al., 2007). Besides, organic matter affects soil physical properties like improving soil 

structure by aggregation of inorganic soil components, decreasing bulk density, increasing 
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porosity, improving aeration and increasing WHC and water retention (Rawls et al., 2003; Teepe 

et al., 2003; Olness and Archer, 2005).  

The nutritional status of a soil directly affects nutrient availability and uptake by plants. 

Most macro and micronutrient deficiencies have a significant effect on fruit yield and quality of 

citrus (Koo and Calvert, 1966; Obreza, 1990; Obreza and Rouse, 1993; Obreza, 1994).. Within a 

citrus grove, yield variability has been commonly related to variations in Fe content. Reuther and 

Smith (1952) reported that Fe deficiency in Florida citrus groves generally appear in “sand soak” 

areas and soils with gray or white subsoil having low total Fe, while soils with yellow or reddish 

yellow subsoil have high total Fe content and do not show Fe deficiency. They also found a wide 

variation in total soil P content of citrus groves and found a sharply decreasing gradient of P 

concentration with increasing soil depth. Zaman and Schumann (2006) reported that Fe 

contributed largely to the variation in the NDVI of a citrus grove showing yield variability. They 

found that poor areas of the grove were on Jonathan sand with low organic matter content and 

lighter color, while productive areas of the grove were on Zolfo fine sand with high organic 

matter content and darker color. In other studies, horizontal and vertical variations of soil 

nutrient status have been widely correlated with variability in yield (Di Bari et al., 1994; 

Aggelopoulou et al., 2007; Cox and Gerard, 2007). 

Among soil physical properties, soil color (which varies greatly within some fields) can be 

used as an indicator of citrus grove productivity. Myhre and Shih (1993) investigated the 

possible factors responsible for the variation in tree growth and yield within a south Florida 

citrus grove. The tall high yielding trees (estimated yield 100 Mg ha-1) occurred in the Pompano 

soil series (Psammaquents) that had mixed light yellowish brown and very pale brown fine sand, 

whereas all the small trees with low yields (estimated yield 10 Mg ha-1) occurred in the Oldsmar 
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soil series (Alaquods) having dark gray fine sand with many uncoated sand grains. They 

correlated the reduction in yield with the variations in soil bulk density both horizontally as well 

as vertically. The root length density between the two soil types did not differ in the upper 30 cm 

depth, but at the 30-45 cm depth Pompano soil had seven times higher root length density 

compared with Oldsmar soil. The maximum coefficients of variation (CVs) were also observed 

at depths greater than 30 cm for both the soils. 

The presence of light-colored soils in the areas of low productivity indicates that these 

soils are devoid of coatings on sand particles, because an absence of coatings is indicated by 

light gray or white colors with Munsell chroma ≤2 and value ≥7 (Harris et al., 1996). The 

variations in soil color are often correlated with organic matter concentration, soil fertility (Mulla 

and Bhatti, 1997; Fleming et al., 2004) and yield variability within a field (Luchiari et al., 2000; 

Hornung et al., 2006; Zaman and Schumann, 2006).   

Soil texture is the most important physical property, as it can have a profound effect on 

other soil properties. Soils of varying texture differ in their mineral composition and 

consequently in their nutrients. Different particle sizes affect other physical properties like 

hydraulic conductivity and water retention (Hwang and Choi, 2006; Nemes and Rawls, 2006; 

Zacharias and Wessolek, 2007). Soil water retention is affected by soil properties such as pore 

size distribution, which directly determines the amount of water that can be retained by the soil 

at a given matric potential. The vital role of soil texture in affecting soil water retention is 

responsible for the variations in productivity (Mzuku et al., 2005; Ersahin and Brohi, 2006; 

Kvaerno et al., 2007). Jiang et al. (2008) worked with a landscape of clay pan soils and found a 

good correlation of plant available water (PAW) with corn yield in water stressed years. They 

demonstrated significant yield loss due to depletion in PAW. 
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The existence of a spatial pattern of mineral weathering rate can also lead to a spatial 

pattern of soil elements that are accumulated or leached as a consequence of the weathering 

process (Gallardo and Parama, 2007). The clay mineralogy of sandy soils is correlated with the 

coatings on sand grains. The distinction between presence and absence of coatings is important 

with respect to a number of soil properties. Clays from coated sands often have high hydroxyl-Al 

interlayer minerals (HIM) and usually contain gibbsite. These HIMs help to improve soil nutrient 

holding capacity. On the other hand, clays of stripped (coating-free) sands contain a large 

amount of quartz, little or no HIM, and no gibbsite (Harris et al., 1987a).   

While the chemical, physical and mineralogical characteristics of a soil make a significant 

contribution to soil quality, biological processes respond more sensitive to environmental 

changes. Microbial activity is more spatially dependent than chemical and physical properties as 

it is affected by several factors (Kizilkaya and Askin, 2007). The complexity of biological 

processes that occur in the rhizosphere can be due to interactions of microbes with organic 

matter (Deng and Tabatabai, 1997) soil nutrients (Liu et al., 2008a), and root exudates (Teplitski 

et al., 2000). Thus, the disruption of biochemical pathways can have major, long-lasting effects 

on organic matter breakdown and nutrient release. 

Soil chemical properties are largely affected by microbial activity, which in turn affects 

decomposition of organic matter, nutrient cycling, and nutrient availability. The horizontal and 

vertical spatial variations of soil physico-chemical characteristics may provide many 

microenvironments in which complex bacterial populations can evolve (Ranjard and Richaume, 

2001) and this complexity may lead to differential microbial activity (Franklin and Mills, 2003). 

The gradient in organic matter may also be reflected in the composition of soil microbial 
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communities and can produce a spatial pattern of microbial activity parameters like soil 

respiration and enzyme activities.  

Along with the horizontal spatial variations in soil properties, the vertical soil variability is 

also equally important due to the deeper root distribution pattern of citrus trees. Citrus trees have 

a tap root system; during germination, the radicle appears first and rapidly grows downward 

forming a well defined taproot. These roots have a bimorphic distribution having a network of 

shallow lateral roots that provide the supporting framework for the dense fibrous roots (Castle, 

1978). Ford (1954) defined the feeder root system for citrus as the roots with diameter < 2 mm. 

He reported that 70% of the feeder root system of healthy citrus trees growing on deep sandy 

soils in Florida is located above 75 cm (30 inches) depth in the soil. Most of the feeder roots of 

the citrus on rough lemon root stock in central Florida Ridge areas occur in the upper 60 cm (24 

inches) soil depth. 

Cahoon and Stolzy (1959) estimated the root density using a neutron moderation method 

and reported approximately 50% of the roots were in the surface 30 cm (12 inches) of the soil, 

out of which 30% were in the surface 0-15 cm (0-6 inches). They correlated root distribution 

with the moisture depletion pattern. Later, Castle and Krezdorn (1973) found that trees on rough 

lemon and sweet lime rootstocks had more than 50% of the feeder roots below 76 cm (30 inches) 

depth and Cleopatra mandarin had 60% roots above 76 cm depth. 

Mikhail and El-Zeftawi (1978) evaluated the effect of three Australian soil types and three 

root stocks (Sweet Orange, Cleopatra Mandarin and Rangpur Lime) on root distribution and 

found that the majority of roots were concentrated in the top 60 cm soil depth. The maximum 

rooting density of citrus trees was reported down to the 60 cm depth in the central ridge area 

(Morgan et al., 2006) and down to 45 cm depth in the flatwoods (Ford, 1972). Morgan et al. 
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(2007) evaluated the percentage distribution of root length in central ridge soils and reported 

70%  root length distribution for Carrizo citrange and 81% Swingle citrumelo in the upper 60 cm 

soil depth. The depth of rooting plays an important role in tree establishment. It was positively 

correlated with tree height (r = 0.58 to r = 0.83) by Castle and Krezdorn (1975), but the 

downward root growth practically ceases in the soil profile with white sand (Ford, 1959). 

Thus, these soils need to be characterized on the basis of profile characteristics. However, 

soil sampling and grove management has mostly been conducted without taking horizontal and 

vertical local soil variability into account. Also, little effort has been put into characterizing soil 

variability and identifying the major factors responsible for within-field variability in citrus 

groves. If characterized properly, these soils can be ameliorated on the basis of the factors 

responsible for limiting growth. 

Amelioration of Soil Variability 

 Various inorganic and organic amendments are used to improve soil chemical and 

physical conditions and to increase the yields. Inorganic amendments like zeolites, calcined 

clays, diatomaceous earth, and phosphatic clay increase nutrient and water retention of the soil 

due to their small particle size, large surface area, and high CEC (Sartain, 1995; Li et al., 2000; 

He et al., 2002; Waltz Jr. et al., 2003; Sartain and Shaddox, 2004; Sartain and Comer, 2004; 

Shaddox, 2004; Wang et al., 2005). Phosphatic clay is an inexpensive inorganic amendment that 

can improve soil properties and increase crop production. Florida phosphate mines are located 

primarily in northern and central Florida. Commercial deposits of phosphate occur in Polk, 

Hillsborough, Hardee, Manatee, and Desoto counties in Central Florida, and in Columbia and 

Hamilton counties in north Florida. Nearly all of the phosphate mined is used for the national 

and international production of agricultural fertilizer. Phosphate ore is found 15 to 60 ft beneath 
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the ground in a mixture of phosphate pebbles, sand, and clay known as the phosphate matrix 

from which clay and sand are separated by the process of beneficiation. 

Phosphatic clay is rich in P, K, Ca, Mg, apatite and montmorillonite, and has high WHC 

(Zang and Bogan, 1995; Stricker 2000; Singh et al., 2001). The positive effect of phosphatic clay 

on soil chemical and physical properties is responsible for its use in agriculture. Leonard et al. 

(1965) applied phosphate clay to Leon fine sand and reported a considerable growth 

improvement of young orange trees with a 20% application rate. Gonzalez and Sartain (1986) 

evaluated mixtures of sand tailings and clay ratios of 14, 12, 8, 6, 4 and 2 which could increase 

the growth of vegetables. Smith et al. (1989) found a significant increase in the growth of 

Valencia oranges by the application of phosphatic clay at rates of 40 Mg ha-1 under both field 

and greenhouse conditions. 

The high production of various biomass crops including sorghum and other grasses, forage 

crops and grain crops grown on the phosphatic clay have been achieved with nitrogen (N) as the 

only additional fertilizer source (Mislevy et al., 1989; Mislevy et al., 1990; Mislevy et al., 1991). 

Similarly, Stricker (2000) produced high yields of various vegetables, crops, turf, ornamentals 

and citrus with only applications of N. A high production of sorghum and other field crops 

grown on phosphatic clay has also been reported by Stricker et al. (2003). Million et al. (1994) 

investigated the effect of sand:clay ratios of 2:1, 4:1, 6:1 and 8:1 on vegetables including turnip, 

banana, pepper, cabbage, yellow squash, alfalfa, and obtained higher yields of turnip, mustard 

and cabbage grown in 2:1 sand:clay mixture.  

Organic amendments improve crop production by increasing the soil organic matter 

content, decrease bulk density, and increase aggregate size distribution, soil porosity, surface 

area and soil water retention of a soil. Gupta et al. (1977) applied 0, 112, 225 and 450 Mg ha-1 of 
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anaerobically digested sludge (24% organic matter) and found a decrease in bulk density and a 

linear increase in the amount of water retained at 15 bars with increased sludge application rate. 

The increase in water retention at 15 bars was suggested to be due to the increase in the sorption 

of water on organic matter. The unsaturated hydraulic conductivity also decreased with sludge at 

any given water content. They reported that the effect of organic matter in increasing the surface 

area and water retention was more in coarse-textured compared with fine-textured soils. 

Khaleel et al. (1981) reviewed the effect of application of organic amendments on soil 

properties and concluded that the application of organic wastes leads to a linear increase in 

organic matter and a linear decrease in soil bulk density. They suggested that the effect of 

organic matter addition is considerable on the water retention at field capacity (FC) in fine-

textured soils and on water retention at permanent wilting point (PWP) in coarse-textured soils. 

At higher tensions, nearly all pores are filled with air, and the water content is determined by the 

specific surface area and the thickness of water films on the soil particles. Haynes and Naidu 

(1998) also reported that the addition of organic matter increases the specific surface area that 

increases water retention at higher tensions. 

Water treatment residuals (WTRs) are the waste products of drinking water treatment 

plants and are cost-free amendments. Humic substances are removed during the purification of 

water using Fe and Al salts. Elliott and Dempsey (1991) reviewed the agronomic effects of land 

application of WTR sludge and suggested its use to increase soil pH, soil fertility, organic matter 

content, improve soil physical conditions, and increase soil aggregation and WHC. The large 

amount of humic acid in Fe humate is responsible for its high CEC. Varshovi and Sartain (1993), 

after characterizing WTR humates, found that humic acid is the major component of humates, 

which contain 58% organic carbon, 32% ash and 10% moisture. The humic fraction was 
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dominated by humic acid (76%) and fulvic acid (18%). The WTRs are highly reactive due to 

high organic matter content, large surface area, large microporosity, and oxalate-extractable Fe 

and Al contents (Makris et al., 2005b). Therefore, they have the potential to improve soil 

properties and increase nutrient and water retention. 

Rengasamy et al. (1980) reported that the addition of alum WTR sludge increased water 

retention between -10 and -1000 kPa by 18 to 85% in three types of soils at the application rates 

of 2 to 20 Mg ha-1. They suggested that the increase in water stable aggregates was responsible 

for increased water retention. They found an increase in dry matter of maize (Zea mays) with and 

without the addition of fertilizers and suggested the increase in yield was due to improvement in 

soil physical conditions. 

Bugbee and Frink (1985) investigated the effect of WTR sludge rates of 0, 25, 50, 75 and 

100% on rye grass (Lolium) and reported that the increase in WHC could increase the yield. 

Sludge application rates of 2 to 10% (Elliot and Singer, 1988) increased soil pH and shoot 

weight of tomato (Lycopersicon esculentum) with increased sludge application rates. There was 

also a decrease in metal uptake by plants even at 10% rate, but the Mn tissue concentration at 

this rate was higher than the unamended soil. They correlated the decrease in tissue P 

concentration with the increased soil pH at high sludge application rates, because the soil 

treatments limed to the same pH amended with the sludge had high P uptake. Heil and Barbarick 

(1989) evaluated WTR application rates of 0, 5, 10, 15, 20 and 25 g kg-1 on sorghum-sudangrass 

[Sorghum bicolor (L.) Moench Sorghum X drummondii (Steudel) Millsp. Chase]. They found a 

positive plant growth response with increasing amendment rate due to improved Fe availability, 

however; in another experiment yield declined with the application rate of 15 to 25 g kg-1 due to 

P fixation. 
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The increased rate of WTR from 0, 1, 2.5, 5, 10, 15, 20 and 25% (Ippolito et al., 1999) had 

a negative linear relationship with shoot P and Al concentration, but yield increased positively 

with the increased rates. Conover and Poole (1979) evaluated the effect of WTRs mixed with 

potting media at different rates (0, 1, 5, 10, 25, and 50%) and reported an increase in growth of 

Chamaedorea elegans Mart. and Philodendron scandens oxycardium  up to 5% application rate 

of humate. Shaddox (2004) reported that the application of Fe WTR (Fe humate) to sands at 15% 

rate increased growth and quality of turf grass due to the positive effect of Fe WTR on soil 

nutrients, soil porosity, and WHC. 

The only negative effect of high application of Al or Fe WTRs is fixation of soil P due to 

adsorption onto the amorphous Al and Fe of WTRs (Elliott et al., 2002; Makris et al., 2004b; 

Dayton and Basta, 2005a; Makris et al., 2005a; Rhoton and Bigham, 2005). The amorphous Fe 

hydroxides adsorb P and reduce its availability to the crop (Easterwood and Sartain, 1990). 

Rengasamy et al. (1980) evaluated the application of alum WTR sludge and found that higher 

rates lead to a germination problem and lowered P uptake due to the high phosphate fixation 

capacity of the sludge. Wheat (Triticum aestivum L.) growth decreased with sludge application 

rates up to 17.8 g kg-1 (Cox et al., 1997). Codling et al. (2002) reported a decrease in yield and 

plant P with WTR rates greater than 1%. The WTR at application rates of 0, 25, 50 and 100 g kg-

1 could adsorb P and reduce its uptake (Dayton and Basta, 2005b). 

The effect of WTRs on reducing P runoff has also been studied widely. Gallimore et al. 

(1999) applied WTRs in poultry litter treated plots to reduce surface runoff of P. Haustein et al. 

(2000) documented the decreasing soluble P concentrations in runoff from fields excessively 

high in soil test P following amendment with an Al WTR at rates up to 18 Mg ha-1. The 

application rate of 25 g kg-1 Fe WTR significantly reduced P leaching from applied fertilizer 
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(Brown and Sartain, 2000). Elliott et al. (2002) compared the ability of Al, Fe and Ca WTRs, and 

pure hematite to alter P solubility and leaching in low P-sorbing Immokalee sand amended with 

dewatered biosolids and triple superphosphate (TSP) fertilizer. They found the WTRs to be very 

effective in reducing P leaching. Silveira et al. (2006) also evaluated the effect of WTRs to 

reduce P leaching in manure impacted soils at application rates of 0, 2.5, 5, and 10%. The effect 

of WTRs on P fixation is more with Al WTRs compared with Fe WTRs (Elliot et al., 2002; 

Makris et al., 2005a; Makris et al., 2005b).   

Water requirement plays an important role in crop production and it depends on different 

growth stages of the crop. A crop is irrigated and the moisture content is brought back to FC 

when the soil water content depletes below a threshold of the available water called the 

allowable depletion of available water (ADAW). This ADAW is specific for different crops and 

for different growth stages of the crop. Citrus leaves have thick cuticle and no effective stomata 

on the upper surface, and plant water requirements are lower than several other plants. Its water 

use efficiency is high due to high resistance of citrus leaves to diffusion of water vapor (Mantell, 

1977). 

The water requirement for citrus is the highest during the flowering and fruiting stages in 

the spring (Koo and Sites, 1955). Koo (1964) evaluated the effect of frequency of irrigation on 

orange and grapefruit in Lakeland fine sand. The water was maintained at the ADAW of 1/3  

depletion from Jan to June and 2/3 depletion for rest of the year, 1/3 depletion throughout the 

year and 2/3 depletion throughout the year. The increase in fruit production was proportional to 

the number of irrigations applied. They reported that fruit production can be increased by 

frequent irrigations and suggested the importance of maintaining high soil moisture content from 

Jan to June. Although high soil moisture maintained throughout year had the highest fruit 
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production, it may not be economical and can have adverse effects on the soluble solids content 

of fruit. 

Smajstrla et al. (1985) irrigated ‘Valencia’ oranges grown on Arredondo soil at soil water 

depletions of 30, 45, 55% and found maximum productivity at 45% depletion level. Combining 

irrigation depletion levels and growth stages was evaluated by Boman (1992). Irrigation was 

applied at depletion levels of 35 to 45 and 10 to 15 cbars at three different growth stages. The 

growth stages were: harvesting through flowering, fruit set through early fruit development, and 

fruit development through harvest. Trees with low ADAW at all growth stages had the highest 

fruit weight, and trees with highest ADAW during fruit set and development had the highest fruit 

drop. Treeby et al. (2007) evaluated the effect of irrigation on ‘Bellamy Navel’ orange trees in 

southwestern Australia by applying water treatments at FC depletion level and half of the FC 

depletion level. They reported a decrease in fruit size with the lower irrigation treatment. 

Koo and Hurner (1969), working with ‘Pineapple’ oranges, reported that citrus groves on 

Lakewood fine sand are irrigated twice as frequently as on the other soils. This was related to the 

difference in the elevation within the grove. They applied double the amount of irrigation in the 

higher areas compared with the lower areas of the grove. The frequency of irrigation was varied 

from 3 to 30 days in variable irrigation treatments according the growth of the trees. The smaller 

trees were irrigated frequently, and tree size increased with the more frequent irrigations. 

Therefore, they suggested high frequency of irrigation in Lakewood fine sand due to its very low 

WHC that does not allow the storage of sufficient water to avoid a negative effect on the fruit 

quality. 

Ziegler (1970) also reported that the irrigation frequency is based on the soil type, 

rootstock and scion. He found that the excessively drained Lakewood and St. Lucie soil series 
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require more frequent irrigations compared with other soils under citrus production. They 

suggested applying frequent irrigation can be useful as long as it is economical and does not 

affect fruit quality. Therefore, excessively-drained sandy soils in poor areas of a citrus grove can 

be irrigated frequently to maintain the FC water content in their root zone to increase the 

productivity.  

Hypotheses and Research Objectives 

Citrus groves with variable tree growth can be ameliorated after characterizing spatial soil 

variability, developing relationships between the citrus production and variable characteristics of 

soil, identifying the major yield-limiting factors, and defining the soil depth limiting citrus 

production. Therefore, the formulated hypotheses for this study were: 

Hypotheses     

• Innate soil productivity (e.g. “productive” vs. “non-productive soils”) as manifested by 
localized spatial variability of plant growth and performance in some Florida citrus groves 
can be quantitatively evaluated by measurable physical, chemical, mineralogical and/or 
biological soil properties. 

• Plant growth is favored on Florida citrus soils composed of non-stripped sand because sand 
grain coatings impart greater nutrient retention than stripped sands.  

• Root zone water holding capacity of non-productive soils is low compared with productive 
soils.  

• Variations in tree growth and fruit production are affected by both horizontal and vertical 
spatial variations in soil properties.  

• Amending non-productive soils with certain organic or inorganic amendments will 
improve their physical, chemical, mineralogical and biological properties, and 
consequently, plant growth.  

Objectives 

The overall objective of this study was to characterize and ameliorate the soil variability in 

the citrus groves. The specific objectives addressed in this dissertation were to: 
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• Map the spatial variation of tree size and fruit production in a citrus grove and develop a 
relative measure of soil productivity.  

• Measure soil properties suspected of contributing to poor plant growth from different areas 
in the citrus grove by sampling the entire range of relative soil productivity. 

• Determine the soil properties that are most important in differentiating soils with respect to 
their productivity and develop a productivity index from readily measured soil properties. 

• Calibrate a soil productivity index for citrus growth using indicator crop bioassays and 
determine the “depth of influence” of the soil that contributes to good growth at each grove 
site sampled. 

• Ameliorate citrus production problems inherent in citrus soils using amendments of 
organic or inorganic byproducts. 

 



 

38 

CHAPTER 2 
DESCRIPTION OF A CITRUS GROVE WITH VARIABLE TREE GROWTH 

Introduction 

Florida citrus groves have a common problem of yield variability that may originate from 

repeated tree resetting, hedging and topping, variable tree spacing, and/or soil limitations 

(Schumann and Zaman, 2005) The occurrence of different soil series (lowest category of soil 

classification) and/or the exposure of less fertile subsurface soil during land leveling are the 

primary factors responsible for yield variability (Muchovej et al., 2005). This localized yield 

reduction can comprise up to 25% of a given field (Muchovej, 2001). 

The size of plots used to describe variability is an important consideration in fields where 

spatial variability of crop yield and soil properties exists (Bhatti, 2004). Implicitly ignoring 

within-field variability, producers typically manage commercial citrus groves on a block basis, 

with block size varying from one or two to several hundred hectares (Schueller et al., 1999). 

Uniform management of large citrus groves could result in under-fertilization of high yielding 

areas, thus lowering yield, and over-fertilization of low-yielding areas which may lead to nutrient 

leaching and environmental contamination (Schumann et al., 2003). Furthermore, uniform 

fertilization leads to decreased net economic returns. Hence, there is an emerging need for 

increased crop production efficiency, profitability, and environmental protection, but these 

cannot be achieved if a grove is managed as a single unit. One solution to this problem is to 

introduce spatially variable fertilizer application, a relatively new practice that is more favorable 

economically compared with uniform rate application (Mulla et al., 1992; Zaman et al., 2005; 

Robertson et al., 2007; Ehsani et al., 2009). The utility of spatially variable fertilizer application 

depends on understanding and accurately identifying the underlying factors responsible for yield 

variation. 
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Variation in soil physical, chemical, and biological properties is considered to be the most 

important factor responsible for yield variability (Robert, 1993; Bronson et al., 2003; Ping et al., 

2005). Variations in soil properties and processes may strongly reflect variations in soil fertility 

and crop productivity (Mulla and Bhatti, 1997; Schepers et al., 2004). Hence, understanding the 

variability of intrinsic soil fertility is the key factor for variable rate fertilizer and soil amendment 

application. This understanding can be achieved by carefully planning soil sampling and 

characterizing soil variability spanning the entire range of differential productivity.  

Soil sampling is useful to determine different fertilizer application rates for each sampled 

location. The aim of soil sampling is to accurately represent spatial soil variability at an 

economically viable cost. Grid soil sampling is widely used to characterize soil variability, but 

this method is expensive and time consuming (Gotway et al., 1996; Khosla and Alley, 1999; 

Brouder et al., 2005). An alternative approach is to use soil survey maps, which are a convenient 

way to correlate soil differences with yield and more specific measures of soil variability. 

Therefore, spatial variability in citrus groves can be described using maps that allow a grove to 

be divided into different management zones. 

Management zones play an important role for characterizing spatial soil variability 

(Schepers et al., 2004). A management zone is defined as a subregion of a field with 

homogeneous yield-limiting factors (Doerge, 1999). A specific application of management zones 

is identification of areas of similar productivity potential, where the zones are considered 

productivity zones or yield zones and are an effective way to characterize soil variability (Khosla 

et al., 2002; Kitchen et al., 2005). Therefore, productivity zones can be an intensive and cheaper 

alternative to grid soil sampling and can be used to describe variable tree growth patterns and 

site-specific management in citrus groves.  
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Several techniques for delineating management zones have been used for site specific 

nutrient management. Soil survey maps (Wibawa et al., 1993), yield maps and/or bare soil 

photos (McCann et al., 1996; Lark and Stafford, 1998), and remotely sensed yield maps 

(Anderson and Yang, 1996; Boydell and Mcbratney, 2002) are especially appealing to divide 

variable fields into different management zones. Temporally stable soil data such as topography 

and depth-weighted average of bulk electrical conductivity (termed as apparent electrical 

conductivity, ECa) can be used to estimate patterns of yield and soil variability. These attributes 

can either be used individually or in combination with each other. For example, ECa (Johnson et 

al., 2003; Li et al., 2007a; Li et al., 2007b; Li et al., 2008), elevation plus ECa (Kravchenko et 

al., 2003; Kitchen et al., 2005) and soil color plus topography and ECa (Schepers et al., 2004) are 

suggested as combined approaches for delineating management zones. 

Yield mapping is a logical starting point for site specific nutrient management and it is 

very effective for potential management zone identification (Lark and Stafford, 1998; Boydell 

and McBratney, 2002). Site-specific yield monitoring and mapping systems have been developed 

and are used in modern citrus production (Miller and Whitney, 1999; Schueller et al., 1999; 

Whitney et al., 1999; Schumann et al., 2004). These systems provide a direct feedback to the 

farmer by quantifying yield variability within a field, producing yield maps, and raising 

questions regarding management practices. It is important to map the yield potential of each tree 

for fertilizer application to match the requirement of individual trees, but acquiring yield data for 

a single tree is difficult.   

Fertilizer application practices in Florida citrus production are based on tree age and 

projected yield (Obreza et al., 2008a) and these parameters can be directly related to tree size. 

Whitney et al. (1999) correlated spatially variable yield maps with citrus tree canopy size. 
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However, the manual measurement of citrus tree canopy volume for individual trees (Albrigo et 

al., 1975; Wheaton et al., 1995) is laborious and time consuming. As an alternative, ultrasonic-

based measurement of tree canopy volume is a rapid method (Giles et al., 1988; Zaman and 

Salyani, 2004; Zaman et al., 2006b). Ultrasonically measured citrus tree canopy volume is highly 

correlated with manually measured canopy volume, with R2 ranging from 0.90 to 0.96 (Whitney 

et al., 2002), R2 = 0.944 (Schumann and Zaman, 2005) and R2 ranging from 0.95 to 0.99 (Zaman 

and Schumann, 2005). Ultrasonic sensors measure horizontal distances from a given sensor to 

the nearest foliage as an ultrasonic wave is sent to the target, and the reflected wave is detected 

by the sensor. Canopy volume can be calculated based on distance measurements of several 

vertically mounted sensors in real-time in a Windows®-based software application developed by 

Schumann and Zaman (2005).  

Remote sensing is an attractive tool for non-destructive monitoring of plant growth and for 

identifying soil properties that may limit crop productivity. Tree canopy size determined from 

aerial photography was also correlated with spatially variable yield (Whitney et al., 1999).  

Remotely sensed electromagnetic-reflectance data are generally expressed in the form of 

vegetation indices, which are algebraic combinations of the measured canopy reflectance at 

different wavelength bands. The normalized difference vegetation index (NDVI) is extensively 

used to evaluate vegetation conditions (Ma et al., 2001; Zarco-Tejada et al., 2005; Teal et al., 

2006; Inman et al., 2008; Ye et al., 2007). NDVI is calculated as the ratio of difference to sum of 

near infrared (NIR) and red reflected electromagnetic radiation. Red radiance is strongly 

inversely related to green biomass and NIR radiance is strongly directly related to green biomass 

(Tucker, 1979), resulting in positive values of NDVI for healthy vegetation. NDVI values range 

from -1 to +1, with increased values indicating healthy and green vegetation. Hence, NDVI can 
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be used to estimate yield or above-ground biomass of citrus trees (Fletcher et al., 2004). Zaman 

and Schumann (2006) correlated NDVI to variability of yield-limiting soil properties and 

suggested using NDVI to delineate management zones. Hunsaker et al. (2007) used NDVI for 

irrigation water management.  

Essentially all soils on which Florida citrus is grown originated from marine sediments that 

were deposited as a result of cyclical rise and fall of sea level through geological time (Obreza 

and Collins, 2002). These alluvial deposits have lead to the topographic variations within a field. 

Topography plays an important role in agriculture in terms of shaping the spatial variability of 

soils. It can be observed that the hilltops in the fields have light colored soils and low organic 

matter content, making topography a promising approach for describing soil variability. 

Topography influences the redistribution of soil particles, organic matter, and nutrients (Ovalles 

and Collins, 1986) and this redistribution along the landscape leads to large spatial variability of 

soil properties (Ovalles and Collins, 1988). The redistribution of organic matter, nutrients, and 

water along the landscape is more prominent in areas where rainfall volume is high due to their 

greater movement (Balasundram et al., 2006). This observation could be a plausible explanation 

under the Florida climatic conditions where average annual rainfall is 1200 mm (FDACS, 2008).  

Secondly, differences in elevation affect water availability to crops and hence the productivity 

(Pachepsky et al., 2001; Green et al., 2007; Kaleita et al., 2007). Due to their role in influencing 

soil and yield variability, landscape position and topographic attributes are generally used to map 

areas of high and low productivity within a field (Fraisse et al., 2001; Kitchen et al., 2005). This 

hypothesis may not explain the productivity in the soils of the experimental citrus grove due to 

the very high infiltration in these soils.  
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Yet another alternate approach for describing soil and yield variability is using 

electromagnetic induction to measure ECa. It can be used as an indirect measure of a number of 

soil physical and chemical properties. Commercially available ECa sensors can efficiently and 

inexpensively develop the spatially dense datasets desirable for describing soil variability 

(Sudduth et al., 2005). ECa is used to investigate yield variability caused by variations in soil 

properties including clay content, salinity, nutrient concentrations, and water content (Sudduth et 

al., 1995, Corwin et al., 2003, Kaffka et al., 2005; Li et al., 2008). Schumann and Zaman (2003) 

used electromagnetic induction to predict and map water table depth in flatwood soils of Florida 

and found that 81% of the variation in the water table depth could be explained with vertical-

dipole electrical conductivity (EMv) alone. Due to its association with major soil properties, ECa 

can be easily correlated with yield (Kitchen et al., 2003) to predict future production (Corwin et 

al., 2003; Humphreys et al., 2004). It provides information about subsoil properties at a range of 

depths that are important to plant growth, which makes ECa unique for site-specific management 

because remote sensing and topographical information cannot directly assess subsoil properties 

(Kravchenko et al., 2003). 

The strong relationship of all the above mentioned parameters with crop yield suggested 

their role in explaining the tree growth and soil variability in citrus groves. It was hypothesized, 

that the productivity of citrus groves can be described using various attributes like fruit yield, 

tree canopy volume, NDVI, elevation, and soil EC, and this description can be used to delineate 

the productivity zones to plan soil sampling and to characterize soil variability. Therefore, the 

objectives of this work were to: 
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• Characterize the spatial variation of fruit production in a citrus grove and develop a relative 
measure of productivity. 

• Compare the relative ability of various measured parameters to describe citrus grove 
productivity. 

• Delineate productivity zones as a cost effective alternative to soil grid-sampling for 
characterizing soil variability. 

Materials and Methods 

Grove History 

A 10-ha citrus grove (27.272590  N, 81.522000  W) located near Wauchula in Hardee 

County, Florida, USA was selected to evaluate yield variability and describe productivity (Figure 

2-1). This 19-year-old grove was planted with a mixture of ‘Hamlin’ and ‘Valencia’ orange trees 

on mixed rootstocks. Tree row orientation was N-S with a tree spacing of 10.7 m between rows 

and 9.14 m between trees within the row. The grove is 520 m E–W and 207 m N–S at an 

elevation of 21 to 23 m above MSL. An aerial photograph and soil series map acquired from the 

Land and Areas Boundary Information System (LABINS), Florida Department of Environmental 

Protection (http://data.labins.org/2004/) showed large spatial variability of tree canopy cover and 

soil type within the grove (Figure 2-2).  

Citrus Fruit Yield  

Fruit yield data were obtained from the grove owner and were collected by a yield 

monitoring system in which the fruit was manually harvested simultaneously from two rows and 

is then placed in tubs with a capacity of ten 41 kg Florida field boxes (0.71 m3). The fruit tubs 

were emptied into a specialized vehicle, termed a “goat truck” (GeoFocus, LLC, Gainesville, FL) 

that was equipped with an automatic yield monitoring system that recorded the geographic 

position of each full tub. The yield monitoring system was equipped with differentially corrected 

global positioning system (DGPS) receivers and data loggers (Schumann et al., 2004). 
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 Citrus Tree Canopy Volume  

Tree canopy volume data measured with an automated ultrasonic system (Durand-

Wayland, Inc., LaGrange, Ga.) were acquired from Schumann (2005, unpublished data). This 

automated ultrasonic system is equipped with 10 ultrasonic transducers fixed at 0.6 m increments 

on a 0.1 m diameter vertical PVC mast, which was mounted on a custom trailer driven with a 

ground speed of 2.5 m sec-1 in the middle of the rows. The system was equipped with a Trimble 

AgGPS-132 DGPS antenna (Trimble Navigation Limited, Sunnyvale, CA.), attached to the mast 

to collect horizontal position and ground speed data.  Tree canopy volume was then calculated in 

a Windows®-based software application developed by Schumann and Zaman (2005). 

Normalized Difference Vegetation Index (NDVI) 

Color-infrared (CIR) aerial photography of the citrus grove was downloaded from the 

LABINS website (http://data.labins.org). NDVI was calculated in Arcview 3.3 GIS software 

(ESRI, Redlands, CA) using a map calculator with the formula in Equation 1-1 according to 

Jensen (1996)  

NDVI  =   Reflectance in NIR- reflectance in red    (1-1) 
                             Reflectance in NIR+ reflectance in red 
 
where, NIR and red are the near-infrared and red portions of the electromagnetic radiation 

spectrum, respectively.  

Elevation  

 Citrus grove elevation was measured using a Topcon HiPer XT Real Time Kinematic 

(RTK) DGPS receiver system (Topcon Positioning Systems, Inc. Livermore, CA) that allowed 

centimeter level accuracy. A base-station global positioning system (GPS) receiver, installed on 

the southern edge of the field was used to differentially correct the roving GPS receiver mounted 

on a truck driven at a constant speed of 3 m sec-1.  The measurements were collected every 
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second in the State Plane West Florida coordinate system to a FC-100 Rugged Windows CETM 

field computer (Topcon Positioning Systems, Inc. Livermore, CA). These data were downloaded 

into Arcview 3.3, projected to the Universal Transverse Mercator (UTM) coordinate system, and 

mapped. The height of the vehicle was measured and the data were adjusted to determine the 

elevation above MSL.   

Ground Conductivity   

Data collected by Schumann (2004, unpublished data) with a ground conductivity meter 

(DUALEM, Milton, Ontario, Canada) were used to map the conductivity of the experimental 

citrus grove. The DUALEM measured conductivity in horizontal co-planar geometry (HCP) and 

perpendicular geometry (PRP). Measurements of ground conductivity were collected every 

second and were geo-referenced with an AgGPS 132 DGPS receiver. 

Data Analysis 

Fruit yield, ultrasonically-sensed tree canopy volume, NDVI, elevation and ground 

conductivity were downloaded into ArcView 3.3 GIS software (ESRI, Redlands, CA). For yield, 

surface density was calculated from tub locations as described by Whitney et al. (1999). Yield, 

canopy volume and NDVI data were smoothed using nearest neighborhood statistics with a 

search radius of 21 m, classified into five zones, and mapped. Ground conductivity and elevation 

were interpolated using the inverse distance weighed (IDW) method with a search radius of 21 

m. 

Based on canopy volume, the grove was divided into five productivity zones and 30 

random locations were selected from these zones (Six locations from each productivity zone). 

The corresponding values for each mapped parameter at these 30 locations were specified using 

the “summarize zones” function in Arcview 3.3.  Summary statistics for all the parameters at 30 

locations were calculated and the same data were used to produce semivariograms. Linear 
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correlation and regression analysis were performed to look at the relationship between citrus fruit 

yield and canopy volume, NDVI, elevation, and ground conductivity. Analysis of variance was 

conducted to compare five zones for all the parameters at 30 locations and means were separated 

using the Tukey test at alpha = 0.05. All the data were analyzed with SAS software (SAS 

Institute, Inc., 2003).   

Results and Discussion 

The aerial photograph of the citrus grove (Figure 2-1) shows large variability of tree 

growth, with scarce growth in the center surrounded by dense tree growth to the east and west. 

The differences in soil color within the grove are also clearly visible. The darker-colored  soils 

correspond with high growth areas and white or lighter colored soils correspond with poor 

growth areas. The dark-colored soils in the high tree growth areas can be attributed to the 

presence of organic matter or coatings of Fe and Al oxides on sand grains that may impart high 

nutrient or water holding capacities to these soils and improve crop production (Muchovej et al., 

2000). Contrary to this, the light colored soils may be devoid of these coatings, as an absence of 

coatings is indicated by light gray or white colors with Munsell chroma ≤2 and v alue ≥7 (Harris 

et al., 1996). Soil color often varies within fields and is associated with organic matter 

concentration and native fertility (Mulla and Bhatti, 1997; Chen et al., 2000; Fleming et al., 

2004; Hornung et al., 2006). Soil color is also used to indicate moisture content (Persson, 2005; 

Sanchez-Maranon et al., 2007). It is also correlated with crop growth, suggesting its important 

role in representing the productivity of fields showing variable yield patterns (Luchiari et al., 

2000; Hornung et al., 2006; Zaman and Schumann, 2006).  Hence, soil color may be used as an 

interpretive index in estimating soil properties and processes. 

The experimental grove contained three soil series (Figure 2-2): St. Lucie (hyperthermic, 

uncoated Typic Quartzipsamments), Tavares (hyperthermic, uncoated Typic Quartzipsamments), 
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and Myakka (sandy, siliceous, hyperthermic Aeric Alaquods). The poor growth areas were on St. 

Lucie fine sand while the high growth areas were on Tavares and Myakka fine sands. According 

to NRCS County Soil Survey Reports (http://soils.usda.gov), the St. Lucie series consists of very 

deep, excessively drained, very rapidly permeable soils occurring on ridges with slopes ranging 

from 0 to 20%. The Tavares series consists of very deep, moderately well drained, rapidly or 

very rapidly permeable soils on lower slopes of hills with slopes ranging from 0 to 8%, and the 

Myakka series consists of deep and very deep, poorly to very poorly drained soils on flatwoods, 

and their slopes range from 0 to 8%. Myakka soils have rapid permeability in the A horizon and 

moderate or moderately rapid permeability in the Bh horizon.  

Variations in soil color and soil series, corresponding with the variability of tree growth, 

provided strong evidence that soil variability is a major factor affecting localized yield reduction.  

Soil variability within a field can manifest itself in various soil properties. Physical properties 

may have numerous sources of variability. For example, variability in texture influences yield by 

affecting nutrient and water holding capacity of a soil (Mzuku et al., 2005). The variations in soil 

water content in different soil types may also lead to variability in crop growth (Taylor et al., 

2003). Organic matter also varies considerably within a field and can impact yield variability by 

affecting both physical and chemical properties (Walker et al., 2003; Zaman and Schumann, 

2006; Ayoubi et al., 2007). Variable patterns in soil nutrient concentrations are also very 

common and are correlated with yield variability (GopalaPillai and Tian, 1999; Mallarino and 

Wittry, 2004; Schepers et al., 2004; Johnson and Richard Jr, 2005; Yasrebi et al., 2008).  Zaman 

and Schumann (2006) found that soil Fe content variation explained a high percentage of the 

variability in NDVI in citrus groves showing variable tree growth.  
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Visual comparisons from interpolated maps of yield, canopy volume, and NDVI (Figure 2-

3) represented a good agreement between these parameters. In general, low-yielding areas were 

in the center surrounded by high-yielding areas on the eastern and western parts of the grove. 

The patterns for canopy volume and NDVI were similar.  

Conversely, the interpolated elevation map (Figure 2-4) depicted that the poor growth 

areas in the center were at higher elevation and the productive areas were at lower elevation.  

Accumulation of organic matter, fine soil particles, and nutrients at the lower landscape positions 

may be responsible for higher fertility and better water holding capacity at these locations. The 

major differences of organic matter along the topography (Pierson and Mulla, 1990; Mulla and 

Bhatti, 1997) can affect nutrient and water retention to a large extent (Brubaker et al., 1993). The 

negative correlation between soil moisture and elevation was also reported by Das and Mohanty 

(2008). These differences in organic matter, nutrients and water may lead to a general increase in 

soil fertility (Officer et al., 2004) and crop yield at the lower elevations (Kravchenko and 

Bullock, 2000; Balasundram et al., 2006).  

Maps of HCP and PRP (Figure 2-4) indicated that low values were in the low-yielding 

areas and high in the high-yielding areas. The spatial pattern of citrus production conformed with 

HCP more than PRP.  HCP, which is the measure of conductivity in the deeper soil profile (0-3 

m), had higher values than the shallow PRP values (0-1.5 m). The DUALEM geo-conductivity 

meter simultaneously measured terrain conductivity at two exploration depths expressed as HCP 

and PRP, which corresponded with the vertical-dipole and horizontal-dipole modes of the EM38 

instrument (Geonics Limited, Mississauga, Ontario, Canada), respectively (Abdu et al., 2007). 

The depth of exploration (DOE) for PRP was 1.3 m and for HCP it was 3 m. HCP had higher 

values than PRP. The agreement of HCP patterns with tree growth variability indicated the 
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importance of variations in soil properties along the vertical gradient (Johnson et al., 2003). 

These results suggested the role of soil depth and HCP in explaining tree growth variability. The 

electromagnetic induction of the deeper soil profile in the form of vertical dipole (EMv) also 

performed better than the horizontal dipole (EMh) for predicting water table depth (Schumann 

and Zaman, 2003).   

Comparison of interpolated maps of citrus production parameters (Figure 2-3) with the 

aerial photograph of the grove (Figure 2-1) revealed that the patterns of yield, canopy volume 

and NDVI were similar to the observed tree growth variability. There was a closer relationship of 

the observed tree growth to the spatial patterns of canopy volume and NDVI compared with 

yield, which may be due to errors that occurred during yield monitoring.  These sources of error 

may include variations in sampling density, as the number of trees was not necessarily the same 

for each tub, and there may have been some inherent inaccuracies of location. 

Most of the yield monitoring systems developed for citrus rely on either manual push-

button (Schueller et al., 1999) or automatic microswitch triggering (Salehi et al., 2000; Tumbo et 

al., 2002) during tub loading events, which subsequently records the DGPS location of each fruit 

tub in the grove. In a manual system, the goat truck operator is required to push a button to 

record the location of every tub, which may be forgotten and often becomes a major source of 

error. Schumann et al. (2004) developed and evaluated a sensor-based automated yield 

monitoring system for manually harvested citrus where yield data are conveniently downloaded 

to a computer via wireless cellular connection. Thus, there is no interference with the truck 

driver’s normal duties. However, yield mapping may not always be accurate, as yield 

information is available only after the fruits are harvested and these systems gather yield data 

from multiple trees rather than from each individual tree (Annamalai, 2004).  
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To further explore soil variability and for planning soil sampling, the grove was divided 

into different productivity zones based on canopy volume. Five productivity zones were 

delineated in order to relate the grove productivity to five classes of critical limits recommended 

for soil and tissue analysis of citrus (Obreza et al., 2008b). These five productivity zones were 

termed “very poor,” “poor,” “medium,” “good,” and “very good” (Figure 2-5). Generally, areas 

of very poor productivity corresponded with St Lucie fine sand, poor and medium zones 

corresponded with Tavares fine sand, and good and very good productivity zones mostly 

corresponded with Tavares and Myakka fine sands.  

Six locations were selected from each productivity zone to evaluate the extent of spatial 

variability and to correlate the attributes used for field description to citrus yield. The summary 

statistics for these parameters at 30 locations (Table 2-1) showed a large variation in fruit yield, 

canopy volume, NDVI, and PRP as indicated from their high coefficients of variation (CVs). The 

range of yield, canopy volume, and NDVI showed about 10 times difference in the poor and high 

growth areas and average yield for the experimental grove was 40 Mg ha-1.  

Florida is divided into four major citrus production regions: the central ridge, the Peace 

River, the Gulf, and the Indian River. These geographically separated regions vary in landscape 

position. The experimental grove is located in Hardee County in the Peace River region with 

elevation above MSL ranging from 10 to 30 m (Obreza and Collins, 2002). This study site was at 

an average elevation of 22 m above MSL. 

In order to determine the trends and extent of spatial variability, semivariogram metrics 

were computed by geostatistical analysis (Table 2-2). A spherical semivariogram model was 

found to best fit the yield and canopy volume, Gaussian model gave a best fit for NDVI and 

elevation, exponential model for HCP, and a linear model showed best fit for PRP. The range for 
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yield and canopy volume was about 300 m, for NDVI it was 154 m, elevation and PRP had a 

range of 200-250 m, whereas range was less than 100 m for HCP. The range indicates the 

horizontal extent of autocorrelation or spatial dependency for these data. As depicted by low 

nugget to sill ratio and semivariograms (Figure 2-6) all the parameters had strong spatial 

dependency except PRP. A variable has strong spatial dependency if the ratio is less than 25%, 

moderate spatial dependency if the ratio is between 25 and 75%, and weak spatial dependency if 

the ratio is greater than 75% (Cambardella et al., 1994; Chien et al., 1997).   

The comparison of yield, canopy volume, NDVI, elevation and ground conductivity 

parameters (HCP and PRP) between five productivity zones (Table 2-3) indicated four times 

increase in yield and six times increase in canopy volume along the productivity gradient.  Very 

poor and poor zones had similar yield, and the case was similar for good and very good zones.  

Canopy volume showed obvious differences in five zones since canopy volume was used to 

delineate them. Very good and good zones, good and medium zones, and, medium and poor 

zones were statistically similar with respect to NDVI, but this parameter could differentiate the 

very poor and very good zones. 

Elevation was able to differentiate the very poor and very good zones, but there were no 

differences in the middle three zones. Highest elevation was in the very poor and lowest 

elevation was in the very good zone.  At foot slope positions, yields are generally high unless 

there are poor drainage conditions (Jones et al., 1989; Mulla et al., 1992; Sudduth et al., 1997).  

Topography may influence productivity by affecting the movement of nutrients and water and 

their availability to crops (Mulla et al., 1992; Tomer and Anderson, 1995; Rawls and Pachepsky, 

2002). Plant-available water (PAW) is the major limiting factor in sandy soils under Florida 

citrus production, hence, the differences in plant available water can influence grove 
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productivity. Schoorl et al. (2002) reported that localized soil redistribution can cause changes in 

soil depth that indirectly affect plant available water. Consequently, similar soils at different 

landscape positions may have different productivity potentials. However, the differences in 

elevation of these excessively drained soils with very high infiltration rates are only ~ 2 m. These 

high infiltration rates and low slope may not describe the large differences in the productivity 

due to the transport of organic matter and nutrients within the grove. 

HCP also separated the very poor and very good zones, but PRP did not vary between five 

zones. HCP was the highest in the very good zone and decreased with the productivity gradient. 

ECa (measured as HCP or PCP) represents the variations in soil properties that affect yield. 

Changes in soil nutrient levels influence ECa through differences in the cations associated with 

binding sites on soil particles (Heiniger et al., 2003).  Siri-Prieto et al. (2006) reported a positive 

relationship of ECa with clay and nutrient content and a negative correlation with sand content. 

Clay content affects ECa through water films around particles and associated exchangeable 

cations. Kachanoski et al. (1988) found a strong correlation (R2 = 0.77) between volumetric soil 

water content and ECa. In another study, Kachanoski et al. (1990) found that 50 to 60% of the 

variability in soil water content could be explained by ECa. The relationships between plant 

available water and ECa were also observed in several other studies (Heiniger et al., 2003; Reedy 

and Scanlon, 2003; Jiang et al., 2007).   

Correlation analysis (Table 2-4) indicated a positive correlation of citrus fruit yield with 

canopy volume, NDVI and HCP, and a negative correlation with elevation. These analytical 

results also supported the observed relationships of spatial distribution of all the parameters on 

the interpolated maps (Figs. 2-3 and 2-4) and the results of ANOVA (Table 2-3). 
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The strong positive correlation (r = 0.85) between canopy volume and citrus yield and its 

large contribution (R2 = 0.73) to the variability in yield (Figure 2-7) supports the idea of 

increases in yield with increases in ultrasonically-sensed tree canopy volume (Zaman and 

Schumann, 2005). Zaman et al. (2006b) reported that ultrasonically-measured canopy volume 

was highly correlated (R2= 0.80) with fruit yield of Valencia oranges. Due to its strong 

relationship with yield, canopy volume can be considered an easily measured potential attribute 

for describing citrus grove productivity. 

NDVI was also strongly correlated (r = 0.73) with citrus yield, explaining 53% variation in 

yield (Figure 2-7). Higher values of NDVI correspond to healthy vegetation, making it a good 

indicator of productivity. The strong correlation of NDVI with citrus yield is in agreement with 

the findings of Ye et al. (2008) illustrating its role in delineating management zones for SSCM 

(Zaman and Schumann, 2006) and allowing its use to predict yields (GopalaPillai and Tian, 

1999).   

Canopy volume and NDVI were strongly positively correlated with each other and with 

ground conductivity; they were negatively correlated with elevation. A high correlation between 

canopy volume and NDVI and their relationship with yield suggested that yield can be better 

predicted from the combined effect of vegetation index and canopy size (Ye et al., 2008).  

The negative correlation of elevation with citrus production illustrated higher productivity 

at lower elevations and lower productivity at higher elevations. These results supported the 

results of ANOVA, as the zones of high productivity had lower elevation values. Topography 

and soil properties are often highly correlated with each other. Various studies investigated the 

relationships between soil nutrients and landscape (Kaspar et al., 2004; Barthold et al., 2008), 

and between landscape and yield (Kaspar et al., 2003; Kaspar et al., 2004). Iqbal et al. (2005) 
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examined the relationship between landscape positions and yield and reported a negative 

correlation (r = -0.50) that was considered to be due to water stress. Kaspar et al. (2003) reported 

78% of the variability in corn yield was due to terrain attributes and used terrain attributes to 

predict yields. Because topographical data is highly correlated to yield and is easy to obtain, it 

can be used to describe aspects of yield and soil variability. 

Stronger correlation of yield, canopy volume, and NDVI with HCP compared with PRP 

suggested the effect of soil property variation at greater depth to be an important factor 

controlling productivity. ECa has been both positively (Fleming et al., 2004; Officer et al., 2004; 

Jung et al., 2005) and negatively (Johnson et al., 2003; Kitchen et al., 2005) correlated with 

yield.  This relationship of ECa with yield is attributed to its relationship with soil chemical and 

physical properties (Sudduth et al., 2003; Officer et al., 2004; Jung et al., 2005; Li et al., 2007a). 

ECa is also used to differentiate the regions of different soil types (Anderson-Cook et al., 2002), 

soil salinity (Ceuppens and Wopereis, 1999), topsoil depth (Kitchen et al., 2005), and shallow 

ground water depth (Schumann and Zaman, 2003).  

The negative correlation between ground conductivity parameters (HCP and PRP) and 

elevation suggested a general increase in ECa values at lower elevation, which may be due to the 

movement and redistribution of nutrients and salts along the landscape and shallow groundwater 

levels closer to the soil surface. The observations were in accordance with the findings of other 

studies on soil properties and landscape relationships (Fraisse et al., 2001; Officer et al., 2004).  

The results of this work demonstrated that the description of yield, canopy volume and 

NDVI were helpful to understand the gradient of productivity in the grove. The description of the 

grove with respect to elevation and ground conductivity further suggested that soil variability is a 

key factor limiting yield of citrus groves. Hence, characterizing the variations in soil fertility may 
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increase our knowledge about the underlying factors responsible for yield reduction. These field 

descriptions also helped to understand the trends and extent of the spatial variation of 

productivity and soil variability in the citrus grove. The results of the field description 

emphasized the important role of various parameters in describing the productivity of citrus 

groves and allowed division of the grove into different productivity zones, which are useful to 

develop a soil sampling scheme and to characterize soil variability.  

Summary and Conclusions 

The productivity of a citrus grove showing variable patterns of tree growth was described 

using several indicator parameters. The parameters used to describe productivity of the citrus 

grove were yield, ultrasonically measured tree canopy volume, NDVI, elevation, and ground 

conductivity. Citrus fruit yield was positively correlated with canopy volume, NDVI, and ground 

conductivity; yield was negatively correlated with elevation. The variable patterns of soil series 

and ground conductivity corresponding with yield variability emphasized the important role of 

variation in soil properties in differentiating the productivity of the grove. Although all the 

parameters were highly correlated with yield and were able to explain the productivity of the 

grove, citrus tree canopy volume was most strongly correlated (r = 0.85) with yield, explaining 

73% of its variation.   

The results of this study demonstrated that productivity of citrus groves can be described 

using various attributes that directly or indirectly affect citrus production. Information from this 

description could be successfully used to identify different productivity zones in new fields. 

Information regarding the productivity gradient is useful to plan soil sampling and to 

characterize soil variability.  
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Table 2-1. Summary statistics of various parameters used for description of the citrus grove. 
 Parameter Minimum Maximum Mean S.D. C.V. (%) Skewness 
Yield, Mg ha-1   7.26  77.54  39.93 20.14  50.43  0.09 
CV, m3 m-1 row †   1.21   9.37   4.90   2.64  53.94  0.12 
NDVI‡   0.01   0.18   0.10   0.05   53.04 -0.39 
Elevation, m 21.40 23.30 22.27   0.52    2.36  0.24 
HCP, mS m-1 §   7.55 10.34   8.51   0.70    8.26  0.61 
PRP, mS m-1 ¶   1.03   3.95   1.98   0.75  37.86  1.24 

† Canopy volume. 
‡  Normalized difference vegetation index. 
§ Ground conductivity at Horizontal co-planar geometry. 
¶ Ground conductivity at Perpendicular geometry. 
 
Table 2-2. Semivariogram metrics of various parameters used for a description of the citrus 

grove. 
Mapping Parameter Nugget    Sill Range (m) Nugget Sill 

Ratio (%) 
R2 Model 

Yield, Mg ha-1 22.00 654.90 335.6    3.39 0.975 Spherical 
CV, m3 m-1 row † 0.01   10.03 296.6    0.10 0.977 Spherical 
NDVI‡ 0.00001     0.004 153.9    0.28 0.946 Gaussian 
Elevation, m 0.018     0.2934 191.6    6.20 0.895 Gaussian 
HCP, mS m-1 § 0.068     0.539   83.7   12.62 0.107 Exponential 
PRP, mS m-1 ¶ 0.617     0.617 248.5 100.00 0.337 Linear 
† Canopy volume. 
‡  Normalized difference vegetation index. 
§ Ground conductivity at Horizontal co-planar geometry. 
¶ Ground conductivity at Perpendicular geometry. 
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Table 2-3. Mean comparison between five productivity zones for various parameters used to 
describe the citrus grove. 

Productivity 
zone 

Yield,   
Mg ha-1 

CV,  
m3 m-1 row § NDVI¶ 

Elevation, 
m 

HCP,  
mS m-1# 

PRP,  
mS m-1†† 

Very Poor 13.93c‡ 1.41e 0.02d 22.68a 7.71b 1.51 
Poor 30.03bc 3.03d 0.08c 22.30ab 8.60ab 1.85 
Medium 38.93b 4.75c 0.11bc 22.35ab 8.62ab 1.94 
Good 58.86a 6.76b 0.13ab 22.25ab 8.62ab 1.94 
Very Good 57.90a 8.58a 0.16a 21.74b 8.98a 2.67 
Significance  *** *** *** * * N.S. † 

* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
 † NS, nonsignificant (p>0.05) 
‡  Within column, means with same letter are not significantly different (p>0.05) by the Tukey 
test. 
§ Canopy volume. 
¶ Normalized difference vegetation index. 
# Ground conductivity at Horizontal co-planar geometry. 
†† Ground conductivity at Perpendicular geometry. 

 
Table 2-4 Correlation matrix of various parameters used to describe the citrus grove. 

 CV ‡ NDVI§ Elevation HCP¶ PRP# 
Yield  0.853***† 0.727*** -0.327NS  0.520**  0.290NS† 
CV ‡  0.894*** -0.549**  0.586**  0.523** 
NDVI§   -0.553**  0.706***  0.657*** 
Elevation     -0.495** -0.777*** 
HCP ¶      0.698*** 

* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
 † NS, nonsignificant (p>0.05) 
‡ Canopy volume. 
§ Normalized difference vegetation index. 
¶ Ground conductivity at Horizontal co-planar geometry. 
# Ground conductivity at Perpendicular geometry. 
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Figure 2-1. Aerial photograph of the citrus grove showing the spatial variability of tree growth.  
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Figure 2-2. Aerial photograph of the citrus grove showing the distribution of different soil types. 
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Figure 2-3. Interpolated maps showing the variable patterns of description parameters.                   
(a) yield, (b) canopy volume and (c) normalized difference vegetation index (NDVI). 
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Figure 2-4. Interpolated maps showing the variable patterns of description parameters.              

(a) elevation (b) ground conductivity at horizontal co-planar geometry (HCP) and (c) 
ground conductivity at perpendicular geometry (PRP). 
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Figure 2-5. Citrus grove classified into five productivity zones based on canopy volume. 
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Figure 2-6. Semivariograms of all the description parameters. (a) yield, (b) canopy volume, (c) 

normalized difference vegetation index (NDVI), (d) elevation, (e) ground 
conductivity at horizontal co-planar geometry (HCP) and (f) ground conductivity at 
perpendicular geometry (PRP).  
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Figure 2-7. Relationship of productivity indices with citrus fruit yield.  (a) canopy volume and 
(b) normalized difference vegetation index (NDVI). 
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CHAPTER 3 
CHARACTERIZATION OF SPATIAL VARIABILITY OF SOIL PROPERTIES IN CITRUS 

GROVES OF FLORIDA 

Introduction 

Soil fertility is a major determining factor of citrus productivity. Most of the soils used for 

Florida citrus production are extremely low in natural fertility. Soils in the major citrus growing 

areas are extremely sandy with sand content > 940 g kg−1, and about half of the soil series are 

composed of sand content > 970 g kg−1. Along with their sandy nature, these soils have very low 

organic matter content, usually 10 to 15 g kg-1 in the topsoil (Obreza and Collins, 2002). Nutrient 

and water retention are low due to low CEC and large pore sizes, respectively. These soils in 

their native state cannot provide the trees with a sufficient amount of essential plant nutrients, 

necessitating frequent fertilizer applications, but due to their low nutrient-holding capacity 

almost all the applied fertilizer is either taken up by the plants or leaches through the soil profile. 

Nitrogen leaching has lead to ground water contamination beneath the deep sandy soils of the 

central Florida ridge (Alva et al., 1998; Lamb et al., 1999). 

Florida citrus growers therefore have to use judicious fertilization to overcome the low 

inherent fertility of soils while preventing off site nutrient movement. The occurrence of yield 

variability makes these management practices even more difficult. At a field scale, the main 

factors influencing yield variability are soil type, topography, previous crop, and management 

practices (Mallarino and Wittery, 2004). Variation in soil physical, chemical, and biological 

properties is considered to be the most important factor responsible for yield variability (Bronson 

et al., 2003; Ping et al., 2005).  Soil variability can be a direct result of the five soil forming 

factors (climate, organisms, relief, parent material, and time) and their interaction (Jenny, 1941).  

Soil WHC, drainage rate, rooting depth, and fertility have been identified as major causes of 

spatial yield variability (Paz et al., 1998). Variations in soil chemical, physical, mineralogical, 
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and microbiological properties and processes may strongly influence variability in soil fertility 

and crop productivity. However, determining such effects requires consideration of multiple 

indicator soil properties such as soil reaction, organic matter, nutrient status, color, texture, sand 

grain morphology, WHC, clay mineralogy, and microbiological properties. 

Soil chemical properties greatly influence productivity potential and yield variability. Soil 

pH is an important soil property that affects nutrient availability, hence it is a critical factor that 

contributes to the variation of nutrient status (Earl et al., 2003), which justifies its role as a 

predictor of variations in other soil properties (Goovaerts, 1998). Organic matter is the major 

deficiency in Florida citrus groves (Tarjan, 1977) and is the single most important indicator of 

soil quality and productivity in most cases. Organic matter is of particular interest in productivity 

because of its role in improving soil structure and as a precursor for biochemical transformations 

that occur in soil (Baldock and Nelson, 2000). The positive effects of organic matter on soil 

properties that affect yield variability are well documented (Mapa and Kumaragamage, 1996; 

Rawls et al., 2003). Nutritional status of a soil has a direct effect on nutrient availability and 

uptake by plants, and hence on its productivity. Most macro and micronutrient deficiencies have 

a significant effect on citrus yield and quality (Koo and Calvert, 1966; Obreza, 1990; Obreza, 

1993; Obreza and Rouse, 1993; Obreza, 1994).  

In addition, soil physical properties have numerous sources of variability. Soil texture can 

have a profound effect on many soil properties and is the most important physical property. Soil 

particle size distribution affects nutrient and WHC of a soil. The sand fraction can also be 

responsible for variation of productivity, as fine sand size fractions can support greater nutrient 

and water retention owing to their large surface area and microporosity, respectively, compared 

with coarse size fractions. Sandy soils with dark coatings of organic matter or oxides on sand 
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grains may have high nutrient and water holding capacities compared with sands that are light in 

color and are devoid of these coatings. Soils with reddish brown color have sand grains coated 

with clay and organic matter, which greatly improves crop production (Muchovej et al., 2000).    

Soil physical and chemical properties depend on and are related to clay mineralogy. Clays 

that coat sands often contain high hydroxyl-Al interlayer minerals (HIM), and usually contain 

gibbsite. These HIMs help to improve soil nutrient-holding capacity. Clays from floccules in the 

matrix of stripped (coating-free) sands contain large amounts of quartz, a clay mineral that has 

very low reactivity, no HIM, and no gibbsite (Harris et al., 1987a). 

While the chemical, physical and mineralogical characteristics of a soil make a significant 

contribution to soil quality, biological processes respond more sensitive to environmental 

changes. Microbial activity is more spatially dependent than chemical and physical properties as 

it is affected by several factors (Kizilkaya and Askin, 2007). The complexity of biological 

processes that occur in the rhizosphere can be due to interactions of microbes with organic 

matter (Deng and Tabatabai, 1997) soil nutrients (Liu et al., 2008a), and root exudates (Teplitski 

et al., 2000; Knee et al., 2001). Thus, the disruption of biochemical pathways can have major, 

long-lasting effects on organic matter breakdown and nutrient release. The nutrient and organic 

matter gradients may be reflected in the composition of soil microbial communities and these 

differences are accompanied by changes in microbial biomass and microbial community 

structure and function (Waldrop et al., 2000). 

Horizontal variation of soil properties is considered to be the major factor responsible for 

yield variability. However, the deeper root distribution pattern of citrus trees makes vertical 

variation of these soil properties also an important factor. The majority of roots of citrus trees 

occur within the top 45 cm depth in flatwood soils (Ford, 1972), and 60 cm in central ridge areas  
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(Morgan, et al., 2006, 2007). However, fertilizer recommendations in these groves rely on soil 

samples collected from the surface 15 to 20 cm layer (Obreza et al., 2008a). Hitherto, soil 

sampling and grove management have mostly been conducted without taking horizontal and 

vertical local soil variability into account.  

Citrus growers are generally well aware of soil variability within fields, but they have not 

had tools to manage soils based on spatial variability. However, this variability can now be 

managed with the application of precision agriculture techniques. For the application of precision 

agriculture variable rate application, it is essential to comprehensively characterize soil spatial 

variability and to recommend appropriate management practices to increase crop yield.  It would 

be particularly useful to identify areas of poor soil quality and divide the grove into different 

management zones based on variability of yield-limiting soil properties (Zaman and Schumann, 

2006). 

Little effort has been spent characterizing soil variability and identifying the major factors 

responsible for within-field variability in citrus groves. It should be emphasized that optimum 

productivity cannot be achieved if a grove is managed as a single production unit irrespective of 

variations in soil characteristics. If characterized properly, these soils can be ameliorated on the 

basis of site-specific factors responsible for limiting growth. Therefore, the objectives of this 

work were to: 

• Evaluate and quantify the spatial variation of soil properties in a citrus grove. 

• Describe the relative importance of soil depth on citrus productivity, spanning the entire 
root zone depth of citrus trees. 
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Materials and Methods 

Study Site 

A 10-ha citrus grove (Figure 2-1) located near Wauchula in Hardee county, Florida, USA 

was selected to characterize spatial soil variability. The experimental grove contained three soil 

series: St. Lucie (hyperthermic, uncoated, Typic Quartzipsamments), Tavares (hyperthermic, 

uncoated, Typic Quartzipsamments), and Myakka (sandy, siliceous, hyperthermic, Aeric 

Alaquods) according to the NRCS County Soil Survey (http://soils.usda.gov). Another soil series 

diagnosed (Harris, 2008, personal communication) in this grove was Duette soil series (Sandy, 

siliceous, hyperthermic Entic Grossarenic Alorthods). The detailed description of the study site is 

given in Chapter 2.  

Soil Sampling 

  The experimental citrus grove was divided into five productivity zones based on the 

canopy volume of citrus trees as discussed in Chapter 2 (Figure 2-6). These five zones were 

termed “very poor,” “poor,” “medium,” “good,” and “very good” productivity zones. Six random 

sites spanning the entire area of each zone were selected, resulting in a total of 30 soil sampling 

sites.  In July 2006, soil samples were collected from these 30 sites at four depths (0-15, 15-30, 

30-45 and 45-60 cm), hence the total number of samples was 120. Samples were air-dried, 

ground, passed through a 2 mm sieve and stored for further analysis. These soil samples were 

analyzed for their chemical, physical and mineralogical properties. For microbiological 

properties, fresh soil samples collected from two depths (0-15 and 15-30 cm) were stored 

separately at 4°C. 

Chemical Properties 

The bulk soil samples were analyzed for pH, electrical conductivity (EC), organic matter, 

CEC, Mehlich I-extractable and oxalate-extractable nutrients. Soil pH was measured in a 1:2.5 
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soil: water ratio using a Corning 450 (Corning, Incorporated, NY, USA) pH meter.  Electrical 

conductivity was determined using a 1:2 soil: water ratio method with an Accument 50 (Fisher 

Scientific, Hampton, NH, USA) EC meter. Organic matter was measured by the loss on ignition 

method (Davies, 1974).  The CEC was estimated as the sum of exchangeable acidity (using 

buffer of pH 8) and exchangeable basic cations. Mehlich I-extractable P, K, Ca, Mg, Fe, and Mn 

were analyzed using inductively coupled plasma emission spectrometry. Total inorganic 

Nitrogen for the representative soil samples was analyzed by extracting soil samples with 2 M 

KCl, and extracts were analyzed for NH4+NO3-N according to the method of Bremner and 

Mulvaney (1982). Amorphous Fe and Al were determined by extraction with ammonium oxalate 

in the dark (Mckeague and Day, 1966).  

Physical Properties 

The 120 soil samples were analyzed for soil color, particle size distribution, sand size 

distribution, water repellency and volumetric water content at PWP. Separate undisturbed soil 

cores were collected to measure bulk density and saturated hydraulic conductivity from 15 sites 

(three samples from each zone) at four depths. Moisture retention curves were developed for 20 

samples selecting one representative location from each zone.  

Soil color was described with Munsell color notation and with the CIELAB (CIE-

Commission International on de l Eclairage Light, 1976) color model using a StellarNet 

EPP2000-VIS-100 Spectrometer (StellarNet, Inc., FL, USA.). CIELAB is the most complete 

color model used to describe all the colors visible to the human eye. Colors are specified in 

CIELAB color space using three coordinates, L* (similar to Munsell value), a* (denoting hue on 

the red–green axis), and b* (denoting hue on the yellow–blue axis). The L* axis represents 

lightness ranging from no reflection for black (L* =0) to perfect diffuse reflection for white (L* 

=100), the a* axis is the redness ranging from negative values for green to positive values for 
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red, and the b* axis is the yellowness ranging from negative values for blue and positive values 

for yellow (Torrent and Barron, 1993). Rossel et al., 2006 found a good correlation between 

Munsell soil color parameters hue, value, and chroma, and L*, a*, and b*. They suggested the 

use of Munsell color notation only for descriptive purpose, and the Cartesian color systems for 

the quantitative and predictive purposes. CIELAB is a widely used color model and can be used 

to correlate organic matter and Fe content with color parameters (Scheinost and Schwertmann, 

1999; Rossel et al., 2006; Gunal et al., 2008). 

The pipette method (Day 1965) was used for soil particle size determination. Soil samples 

were dispersed with 1 N NaCl solution followed by separation of sand, silt, and clay fractions. 

Clay (< 2 µm) and silt (2-50 µm) fractions of samples were separated using centrifugation 

methods following removal of sand by wet sieving (Soukup et al., 2008). The sand size 

distribution into standard size fractions (1–2, 0.5–1, 0.25–0.5, 0.1–0.25, and 0.05–0.1 mm) was 

performed by sieving. Water repellency was measured by the water drop penetration time 

(WDPT) method in dry and field moist soils for their actual and potential repellency given by 

Doer (1998). The soil samples were placed in 5 cm diameter plastic plates, three drops of water 

were placed on the surface of the soil with a medicine dropper, and the time that elapsed before 

the drops were absorbed was determined.  

Volumetric water content at PWP was measured with a WP4 Dewpoint PotentiaMeter 

(Decagon Devices, Inc. Pullman, WA, USA). This device uses a chilled-mirror dew point 

technique to determine the water potential of the sample material (Campbell et al., 1973; Gee et 

al., 1992) and by determining the relative humidity of the air above the sample in a closed 

chamber, because, at the temperature equilibrium, relative humidity is a direct measurement of 
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water potential.  The relationship between sample water potential and the vapor pressure of the 

air can is described by Equation 3-1 

 Ψ  = RT ln  p         (3-1)   
         M       p0 
 

where,  p is the vapor pressure of the air, p0 is the saturation vapor pressure at sample 

temperature, R is the gas constant (8.31 J mol-1 K-1), T is the thermodynamic temperature of the 

sample, and M is the molar mass of water. The vapor pressure of the air can be measured using a 

chilled mirror, and p0 is computed from sample temperature. The WP4 Dewpoint PotentiaMeters 

have been used successfully to determine moisture retention curves of fine-textured soils (Brye, 

2003; Baldocchi et al., 2004; Ochsner et al., 2006) and leaf water potential (Bertamini et al., 

2006). 

Bulk density was calculated by dividing the mass of oven dry soil with the known volume 

of soil cores (Blake and Hartge, 1986). Saturated hydraulic conductivity was measured using the 

constant head method (Klute and Dirksen, 1986).   

Soil Moisture Retention Curves 

 Moisture retention curves of five soils for four depths were developed using the T-5 

Miniature Pressure Transducer Tensiometer (UMS GmbH, Munich) attached to a 10.6 VDC 

regulated power supply. Moisture retention curves were developed starting from air dry soil 

samples compacted to the same bulk density.  Soil samples were moistened by adding measured 

amounts of water at 1% (volume by volume) increments and the transducer voltage at each level 

of water was measured in millivolts (mV) using a Campbell 10 X scientific data logger 

(Campbell Scientific, Inc. Logan, UT.) attached to the tensiometer and a computer to which data 

were transferred into PC208W 2.3 data logger support software.  The voltage was converted into 

water potential according to the user manual calibration Equation 3-2   
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  Ψ = V* 2.12         (3-2) 

where, Ψ is the water potential in kPa and V is the transducer voltage in mV.  The data points for 

all volumetric water contents were plotted against the potential in kPa to develop moisture 

retention curves.    

Data from moisture retention curves at four depths were used to estimate unsaturated 

hydraulic conductivity using DRAINMOD 6.0 software (Skaggs, 1980) and unsaturated 

hydraulic conductivity was plotted against tension. The soil water potential corresponding to 

water content at FC was estimated from unsaturated hydraulic conductivity of 0.002 cm hr-1 as 

these soils showed their breakthrough curves far below the traditional 10 kPa suction point 

generally used for sandy soils. 

Representative Profiles of Five Productivity Zones 

For the profile description, soil samples were collected from one representative location 

within each productivity zone. Samples were collected at 15 cm intervals to the lowest diagnostic 

horizon, starting from the surface. Wherever there was a change of horizon within any of the 15 

cm depth intervals, samples were stored separately. These samples were analyzed for all 

chemical properties, Munsell and CIE Lab color description, particle size distribution, sand size 

distribution, water content at PWP, and minerals. 

 Mineralogical Properties  

  The representative soil samples of each horizon for all the productivity zones were used 

for mineral identification. The minerals were identified by x-ray diffraction (XRD) using a 

computer-controlled x-ray diffractometer equipped with stepping motor and graphite-crystal 

monochromator. Oriented mounts of clay fractions were prepared by sedimentation onto 0.45-

um filters under suction, saturating with Mg or K, and transferring to a glass slide. Glycerol 

solvation was accomplished for the Mg-saturated samples via spraying as a fine mist. Diagnostic 
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cation saturations, glycerol solvation and heat treatments were used to aid in phyllosilicate 

identification (Harris and White, 2008). Samples were scanned at 2 degrees 2 theta per min using 

Cu K alpha radiation. Thermal gravimetric analysis (TG) was also performed on the clay 

samples. 

Microbiological Properties 

Substrate utilization analysis and enzymatic activity were performed to compare microbial 

activity of five productivity zones. Carbon source utilization profile was performed using 

BIOLOG EcoPlate method (Garland and Mills, 1991). This technique assesses the capability of 

microbes in a soil extract to oxidize a variety of organic substrates by measuring reduction of 

tetrazolium dye. Hence, the color produced from reduction of tetrazolium dye is used as an 

indicator of respiration of sole carbon sources. A positive response is identified as an absorbance 

greater than that occurring in the blank well. Although the BIOLOG EcoPlate technique 

represents only culturable fraction of community and organisms capable of utilizing available 

carbon sources, it can be used to compare the response patterns of environmental samples 

(Konopka et al., 1998; Smalla et al., 1998). It is a reasonably reproducible, inexpensive, and 

rapid method to analyze a large number of samples simultaneously.  

Soil suspensions were prepared by placing 2 g soil and 20 mL deionized water into 50-mL 

polypropylene centrifuge tubes and vortexing them three times for 60 seconds. The suspension 

was centrifuged at 500xg for 10 minutes and 150 µL subsamples were inoculated into each well 

of a BIOLOG EcoPlate using an 8 channel automatic pipette. Plates were incubated at room 

temperature (21 ± 1 0C) in the dark until no further color development occurred, and the 

absorbance at 590 nm was measured after 24, 48, and 120 hr with a Wallac Victor-2 micro plate 

reader (Perkin-Elmer Inc., Gaithersburg, Md.). The list of carbon sources in BIOLOG EcoPlate 

is given in Table 3-20. 
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Average well color development (AWCD) was calculated to reduce the effect of variation 

in the overall color (Garland, 1996). AWCD was calculated for each time using Equation 3-3  

AWCD = ∑(Color development in xi - control well)                               (3-3)  
                         Number of carbon sources 
 

where, xi is the ith (i = 1-31) well of BIOLOG EcoPlate. Principal component analysis (PCA) 

was performed to find the variation explained by principal components for various carbon 

sources. 

The micro plate fluorimetric enzymatic assay (Marx et al., 2001) was used to assess 

enzymatic activity of five productivity zones. The assay measures the fluorescence produced by 

methylumbelliferone (MUB) fluorescence substrate at excitation and emission of 365 and 460-

nm, respectively. This assay is rapid and a large number of samples can be analyzed at the same 

time. Marx et al. (2001) compared this method with the widely accepted p-nitrophenol method 

(Tabatabai, 1994) and found no significant difference between the results of two methods. 

Methylumbelliferone (MUB) conjugated substrates (Sigma-Aldrich Co. Ltd) were used to 

evaluate enzymatic activity of β-glucosidase, xylosidase and alkaline phosphatase. The substrates 

were 4-Methylumbelliferyl β-D-glucopyranoside (M3633), 4-β-D-xylopyranoside (M7008) and 

4-Methylumbelliferyl phosphate (M8883).   

Working concentrations of 1mM for all the substrates were prepared and standard series 

for each substrate were diluted at concentrations of 0, 0.5, 1, 5, 25, 50, 100, and 500 μM. A soil 

suspension was prepared by placing 1 g soil and 30 mL deionized water into 50 mL 

polypropylene centrifuge tubes wrapped with aluminum foil followed by shaking for 15 minutes. 

A 200 µL soil suspension was dispensed into a 96 well microplate to which 50 µL substrate was 

added. Samples were incubated at room temperature (21 ± 1 0C) for 6 hr and fluorescence 

readings were measured at time zero and at 1 hr intervals on a Wallac Victor-2 micro plate 
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reader (Perkin-Elmer Inc, Gaithersburg, Md.). Enzymatic activity was determined from 

florescence change over time and substrate standard curve, and was expressed as μg g-1 dry soil 

hr-1.  

 Data Analysis 

Classical statistics analysis  

All classic statistical analyses were performed in SAS statistical software (SAS Institute, 

Inc., 2003). All assumptions for the Analysis of Variance (ANOVA) were tested. Normality was 

tested both graphically as well as numerically using PROC univariate analysis. Homogeneity of 

variances was tested by plotting means and variances and by the chi square test. Where the data 

were not normally distributed, it was transformed using an appropriate transformation and all the 

further data analysis was performed on the transformed data set. The original data are presented 

in tables and figures.  ANOVA was performed and was partitioned into main effects of soil and 

depth and their interaction (soil*depth). Wherever the treatment effect was non significant, the 

null hypothesis could not be rejected. The data are presented as the main effects of soil and 

depth. Simple effects are also presented where the interaction of these two factors was 

significant. To compare productivity zones at different depths, data were analyzed separately at 

each depth. Means were separated using the Tukey test at alpha = 0.05. An example of the 

ANOVA Table is presented in Appendix Table A-5. 

Standard QA/QC protocols were observed during all the soil analyses. Each set of samples 

during analysis was repeated (triplicate) after every 15 samples. A predetermined Confidence 

interval (CI) was set up at the 95% confidence level, and it was computed using the standard 

error (SE) and means of the replicated samples. Analyses that did not satisfy the QA/QC protocol 

were rerun. 
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Geostatistical analysis 

Geostatistical analysis was performed using ArcView, ArcGIS (ESRI, Redlands,CA.) and   

GS+ Geostatistics for the Environmental Sciences Version 7 software (Gamma Design Software, 

LLC, Woodhams St, Plainwell, MI). The soil attributes tables were joined to the spatial data 

tables and the data were interpolated at non-sampled locations by IDW and Kriging techniques to 

produce detailed maps. The kriged values were selected for final interpolation as the values 

predicted by kriging were closer to the measured values. Maps and semivariograms were 

produced to examine the spatial structure of soil properties. 

Results and Discussion 

Chemical Properties 

Summary statistics of soil chemical properties for the average values of four depths and 

five productivity zones (Table 3-1) showed a large variation of all the soil properties as indicated 

by their wide range and high coefficients of variation (CVs). The CV is a first approximation of 

field heterogeneity and according to Wilding (1985), soil properties are least variable if the CV< 

15%, moderate with CVs ranging from 15 to 35% and most with CVs > 35%. All chemical 

properties had high CVs except soil pH; on the other side, oxalate-extractable Fe had a highly 

skewed distribution with CV greater than 100. Other studies evaluating spatial variation also 

found moderate to high CVs for these soil chemical properties except pH (Cox et al., 2003; Brye, 

2006; Souza et al., 2006; Zaman and Schumann, 2006), which may be due in part to the 

logarithmic scale of pH measurement. 

ANOVA was performed on soil chemical properties and the effects of five productivity 

zones, four soil depths, and their interaction (productivity zone*soil depth) are presented in 

Table 3-2.  Productivity zone had a significant effect on soil chemical properties except Mehlich 

I-extractable Mn. Soil depth also had a significant effect on all chemical properties except pH, 
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Mehlich I-extractable Fe and oxalate-extractable Al. The interaction effect was significant for 

Mehlich I-extractable P and Fe as well as oxalate-extractable nutrients.   

For the soil properties showing no interaction effect, means were compared for four depths 

averaged across five productivity zones, five productivity zones averaged across four depths, and 

five productivity zones at each of the four depths. Mean comparisons of soil pH, EC, organic 

matter, and CEC are presented in Table 3-3.  

Soil pH did not vary between the four depths when averaged across productivity zones. 

The pH of very poor and very good productivity zones was higher than the soils of poor, 

medium, and good zones when productivity zones were averaged across four depths and at all 

the other depths except 0-15 cm. The pHs of these soils were in the range of very slightly acidic 

to slightly acidic for poor, medium, and good productivity zones, and very slightly alkaline for 

vey poor and very good productivity zones. The homogeneous distribution of pH at the surface 

reflects the effect of liming as most Florida soils are acidic in nature and lime is applied after 

every few years to maintain the optimum pH range of 6.0 to 6.5 for citrus (Obreza and Morgan, 

2008). Soil pH did not differ between the very poor and very good productivity zones.  

Electrical conductivity was higher at 0-15 cm than at the lower three depths and was lower 

in the very poor zone compared with the other four productivity zones. Electrical conductivity 

did not vary between the productivity zones at the surface and at the 45-60 cm depth. At 15-30 

cm depth, the very poor productivity zone had lower EC than poor, medium, and very good 

zones, but at 30-45 cm it was lower than the very good zone only. No differences in EC of 

different zones at the surface could be attributed to fertilizer application. The EC values ranged 

from 1.2 to 4.2 mS m-1, which was well below the 0.25 dS m-1 (25 mS m-1) associated with the 

salinity problems of citrus groves (Boman, 2002). Although EC could not differentiate the zones 
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at all the depths, it could still discriminate the zones of differential productivity at three depths, 

suggesting its role in soil fertility. These results of EC were similar to the observed patterns of 

ground conductivity for HCP and PRP (Figure 2-4) and their relationship with yield (Table 2-4) 

in Chapter 2.  EC may represent the variations in soil nutrient concentrations (Heiniger et al., 

2003), clay content (Corwin et al., 2003) or soil water content (Jiang et al., 2007). Due to its 

influence on major soil chemical and physical properties it may lead to spatial variability in yield 

(Kitchen et al., 2003; Kaffka et al., 2005; Li et al., 2008) and is used to predict yield variability 

(Humphreys et al., 2004). 

The organic matter content was greatest at 0-15 cm depth and significantly decreased with 

subsequent depths. Organic matter was the highest in the very good productivity zone followed 

by the middle three zones of poor, medium, and good growth, and by the very poor productivity 

zone. The values ranged from 2.78 to 13.40 g kg-1, showing an increase of approximately 5x 

along the productivity gradient. At each of the four depths, the very poor zone had lower organic 

matter content than the other four zones of productivity. The pattern of organic matter 

distribution indicated its effect on the observed variation of tree growth, especially the 

distribution at the cumulative depth of 0-60 cm, which proved to be a better indicator of 

productivity compared with individual depths at 15 cm intervals. Organic matter is a valuable 

component for sandy soils under Florida citrus production and it plays a key role in the 

productivity potential by enhancing nutrient availability, improving soil structure, and increasing 

WHC of the soils. The effect of organic matter on water retention is greater in soils that are low 

in organic matter content and are coarse in texture (Rawls et al., 2003). The variation in organic 

matter content between different productivity zones is consistent with the observations of Khosla 

et al. (2008) and Ayoubi et al. (2007). Large spatial variability of organic matter content may be 
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due to the process of land leveling that exposes the low organic matter content subsoil to the 

surface and/or transfers the organic matter to other areas of the field (Walker et al., 2003; Brye et 

al., 2004; Obreza and Morgan, 2008) leading to some areas of the field becoming nearly devoid 

of organic matter.  

The reduction in CEC with depth was significant and CEC was highest in the very good  

zone, followed by the middle three zones and then by the very poor productivity zone at all the 

depths, except at the 0-15 cm, where the very poor zone was differentiated only from the very 

good zone. As expected, the trend for CEC was very similar to organic matter content, as the 

sandy soils under Florida citrus production have very low clay content and if present, organic 

matter is the major contributor for CEC of these soils. Organic matter affects CEC significantly, 

owing to its large specific surface area along with the diversity of cation substitution sites 

(Ersahin et al., 2006).  

Among Mehlich I-extractable nutrients (Table 3-4) K, Ca and Mg concentration decreased 

with depth and increased along the productivity gradient at all depths except 0-15 cm.    

 The very poor zone had lower K concentration than the other four zones when the 

productivity zones were averaged across four depths, and this trend was similar at each depth 

except at the surface. Lower concentrations of K in the very poor zone may have contributed to 

the variations in yield because K is an essential nutrient for citrus fertilization in Florida and the 

responsiveness of citrus growth to K fertilization is associated with larger fruit size, thicker rinds 

and increased acid (Deszyck and Koo, 1957; Smith and Rasmussen, 1960; Obreza, 2003). 

Substantial variation of K with respect to variation in yield has been reported in many studies 

(Frogbrook et al., 2002; Lopez-Granados et al., 2002; Ayoubi et al., 2007). Critical limits of soil 

nutrients for sandy soils under Florida citrus production have been defined, except for N and K. 
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Being mobile, N and K leach down very rapidly, hence the soil critical limits for these two 

nutrients do not have practical value. Instead, citrus grove K nutrition is expressed based on the 

leaf tissue analysis (Obreza et al., 2008b). Soil inorganic N for representative soil samples from 

all the zones was found below the detection limit (2 mg L-1) of the instrument, therefore N was 

not analyzed in other soil samples. Most Florida soils contain very low amounts of N and these 

amounts are < 2 mg L-1 most of the period of the year (Alva and Paramasivam, 1998; 

Paramasivam et al., 2001; Alva et al., 2006). 

Ca concentrations ranged from 139 to 500 mg kg-1 for the average of four depths, and Ca 

values were greater than the sufficiency limits of 250 mg kg-1 in all the productivity zones at 0-15 

cm depth, but only in the very good productivity zone at the lower three depths. Very poor, poor, 

and medium zones had lower values than the very good productivity zone at the average depth as 

well as each 15-cm depth interval. Calcium is usually not deficient in Florida citrus soils, as lime 

is usually applied and Ca is also present in irrigation waters, but the values of Ca below 

sufficiency at the subsurface layers could be correlated with localized yield reduction as it is 

present in citrus leaves in large amounts (~3 to 5%). 

Mehlich I-extractable Mg also increased with the productivity, but the middle three zones 

could not be differentiated. The values of Mehlich I-extractable Mg were high (>30 mg kg-1) at 

the 0-15 cm depth in all the productivity zones, low to medium (<15 and 15 to 30 mg kg-1) at 

lower depths of the middle three productivity zones and low (<15 mg kg-1) at the lower three 

depths of the very poor productivity zone. Within the very poor zone, Mg concentration 

decreased by 5 to 10x with depth. Mg is required for chlorophyll synthesis and for seedy 

varieties of citrus and its deficiency causes chlorosis. Leaf Mg concentrations respond to applied 

Mg under citrus production in Florida (Calvert and Reitz, 1966; Koo and Calvert, 1966). 
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Variability in yield has also been previously correlated with variations in Ca and Mg 

concentrations in a field (Frogbrook et al., 2002; Yasrebi et al., 2008). 

Simple effects (Table 3-5) are presented for the soil chemical properties that showed 

significant interaction effects. The distribution of Mehlich I-extractable P showed a very 

interesting pattern along the productivity gradient as well as depth. The concentration of P was 

high (31 to 60 mg kg-1) or very high (> 60 mg kg-1) at all four depths within very good and good 

productivity zones, the upper three depths of the medium productivity zone, the upper two depths 

of the poor productivity zone and only the surface layer of the very poor productivity zone. If we 

compare P and K distribution, the higher values at the surface layer can be a function of 

fertilization in this layer. P being immobile could explain the inherent fertility of different 

productivity zones at lower depths compared with highly-mobile K. In general, there were no 

differences in the Mehlich I-extractable P between different productivity zones at 0-15 cm depth, 

however at subsurface depths the response of P levels to productivity potential was significant.  

The results indicated that the discrimination between productivity zones due to P could be 

explained by the subsurface. These results are consistent with the findings of Anderson (1966), 

who reported that a citrus grove with low subsurface P content responded more to applied P. 

Unlike the strong response of citrus trees to other nutrients applied as fertilizer, the response to 

applied P in Florida has not been common except in a few studies (Young and Forsee, 1949; 

Spencer, 1959) where responses to applied P in Davie mucky fine sand and Lakeland fine sand 

were observed. Soil P levels are found to vary widely both horizontally as well as vertically 

(Frogbrook et al., 2002; Lopez-Granados, 2002; Camacho-Tamayo et al., 2008) and localized 

yield reduction has been related to localized decrease in soil-test P (Walker et al., 2003).  
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Mehlich I-extractable Fe was similar at all depths for the poor, medium, good, and very 

good zones, and the surface layer of the very poor productivity zone. These values decreased by 

about 3x in the lower three depths of the very poor productivity zone.  A large decrease in Fe 

content at the subsurface of the very poor zone could have a large effect on yield reduction. 

Variations of Fe content within a soil series have also been reported for sand-soak areas or areas 

with gray or white subsoil, as these areas are generally deficient in Fe and show Fe chlorosis  

(Reuther and Smith, 1952). Zaman and Schumann (2006) found that Fe contributed largely to the 

variation in aerial image NDVI in citrus groves showing variability in yield. Fe chlorosis has also 

been correlated with low yield and low WHC in maize fields showing variable yields (Ferguson 

et al., 2007).  

Several other studies explained that large variation of soil nutrient status horizontally 

(Voortman et al., 2004; Cox and Gerard, 2007) and vertically (Di Bari et al., 1994) are 

responsible for variation in yield. From the results of Mehlich I-extractable nutrients, it was 

observed that productivity zones did not differ with respect to their nutrient status at the surface, 

indicating the effect of fertilization or liming at the surface and representing inherent fertility of 

soils at the lower depths.  

 The very poor zone had lower values of oxalate-extractable Fe than the other four zones at 

all depths except 0-15 cm. Within the very poor productivity zone, oxalate-extractable Fe 

decreased dramatically (about 30 to 300x) with depth. In general, the values were greater in the 

medium, good, and very good zones followed by poor and very poor zones. The trend in the 

distribution of oxalate-extractable Al was similar, and for very poor zones it had lower values 

even at 0-15 cm depth. Highest values were for the very good zone at 30-45 cm depth, as a Bh 

horizon existed at this depth. The significant increase in oxalate-extractable nutrients along the 
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productivity gradient suggested that coatings on sand grains contributed to the productivity 

potential, as oxides and hydroxides of Fe and Al are common cementing agents in soil and 

probably serve to bind the fine particles to sand grains in many sandy soils (Harris et al., 1987a).  

These amorphous coatings impart high surface area to sand grains and are responsible for 

increased nutrient-holding capacity of the soils, thus differentiating the higher productivity 

(coated) from the lower productivity (stripped) areas of the grove.  

Soil pH is an important parameter for citrus growth as it affects the availability of 

important plant nutrients like P, Ca, Mg, and micronutrients. Soil pH was used as a covariate for 

the analysis of covariance (Table 3-6), so that differences in the productivity zones can be 

assessed excluding the effect of pH. Using pH as a covariate, the comparisons between 

productivity zones changed for the chemical properties that are affected by pH. Soil CEC, Ca, 

and Mg increase with increasing pH, whereas Fe decreases. The variations in these results were 

for the middle three zones, because they had lower pH than the zones of very poor and very good 

growth. Soil pH as a covariate affected Mehlich I-extractable Ca, as poor and medium zones 

could be separated from the very poor productivity zone. For Mg also, the values of the middle 

three zones became similar to the very good productivity zone. Oxalate-extractable Fe for the 

average of four depths was similar for the very poor and very good productivity zones. 

The semivariogram metrics (Table 3-7) for all the soil chemical properties were calculated. 

Semivariograms are modeled using several authorized models (Oliver, 1987) and these models 

can be fitted to the data and the one with minimum nugget is selected to best fit the data. In this 

case, gaussian and spherical models were found to best fit the data of soil chemical properties. 

Semivariogram metrics include the three parameters nugget, sill, and range. Nugget is the 

unexplained variation at distance zero and can be imposed due to errors in sampling, 
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measurement etc. Sill is the total variance when it becomes constant with increasing distance. 

Range is the distance at which the parameters are no longer spatially-dependent (Gutjahr, 1985). 

Nugget to sill ratio is the indicator of spatial dependence of a parameter; low nugget to sill ratio 

represents high spatial dependence of the parameters.  A variable has strong spatial dependency 

if the ratio is less than 25%, moderate spatial dependency if the ratio is between 25 and 75%, and 

weak spatial dependency for a ratio greater than 75% (Cambardella et al., 1994; Chien et al., 

1997).  All the parameters had low nugget to sill ratio except Mn.  The spatial scale of soil 

properties varied at distances between 70 m and 350 m with general scale ranging from 100 to 

250 m, which is almost similar to the spatial scale of the parameters used to describe the citrus 

grove in Chapter 2 (Table 2-2). Large spatial dependency of soil chemical properties in fields 

showing yield variability have been reported for different crops (Zaman and Schumann, 2006; 

Gallardo and Parama 2007; Balasundrum et al., 2008; Liu et al., 2008b). 

All the parameters were interpolated using kriging because kriged estimates were close to 

the measured values compared with values estimated by the IDW method. The interpolated maps 

of spatial distribution of organic matter, CEC, and Mehlich I-extractable P and K at 0-60 cm 

depth are presented in Figure 3-1. The patterns of organic matter showed very low values to the 

center from N-S direction and higher values to the eastern and western parts of the grove. These 

patterns of organic matter were very similar to the patterns of yield, canopy volume, and NDVI 

(Figure 2-3) in Chapter 2, representing the positive relationship of organic matter with citrus 

production. However, these patterns were opposite to the trend of elevation (Figure 2-4) 

observed in Chapter 2. This opposite behavior of organic matter compared with elevation may be 

due to its deposition at lower positions on the landscape, a process that is responsible for a 

general increase in organic matter at lower elevations (Brubaker et al,, 1993; Delin et al., 2000; 
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Kaspar et al., 2004; Ritchie et al., 2007). The spatial distribution of CEC, Mehlich I-extractable 

P, and K (Figure 3-1) was also similar to the patterns of organic matter and citrus production 

(Figure 2-3).  

Spatial distribution of Mehlich I-extractable Ca, Mg, and oxalate-extractable Al (Figure 3-

2) in general had lower values in the center of the grove. Comparing these patterns with citrus 

production parameters (Figure 2-3) also suggested the large variations in soil fertility along the 

productivity gradient. The visual comparison of the patterns of soil nutrients and elevation 

(Figure 2-4) revealed their negative relationship. The deposition of soil at the lower landscape 

positions (Fang et al., 2006) may cause the variations in soil nutrients along the landscape. 

Differences in organic matter content can also influence nutrient retention and nutrient supplying 

power. The variations in organic matter content along the landscape, may lead to higher 

concentrations of various soil nutrients at the lower elevation (Kaspar et al., 2004; Balasundram 

et al., 2006).  For example, increase in P (Kravchenko and bullock, 2000), extractable K 

(Noorbaksh et al., 2008), Ca, and Mg (Brubaker et al., 1993) was observed at lower positions of 

the field.  

These spatial distributions are in accordance with the results of ANOVA and mean 

separation by the Tukey test. The spatial patterns of distribution of soil chemical properties at the 

0-60 cm depth were very similar to the patterns of citrus production, which indicated the 

important role of soil chemical properties, especially organic matter, Mehlich I-extractable P and 

oxalate-extractable Al, and the 0-60 cm root zone depth in defining the productivity of the grove.  

The spatial patterns of easily measured soil chemical properties including organic matter, 

Mehlich I-extractable nutrients and oxalate-extractable Fe and Al showed their spatial 

dependence within the range of 100-150 m. This range of variograms can be used to guide 
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further soil sampling in new fields. As a rule of thumb, the sampling interval should be less than 

half of the average variogram range (Kerry and Oliver, 2003; Kerry and Oliver, 2004; Oliver and 

Carroll, 2004). Therefore, the sampling interval for new fields can be based on the variogram 

range of the average of soil chemical properties, and should be less than 63 m. 

Soil samples collected from a very productive citrus grove (average yields of >70 Mg ha-1) 

of Candler soil series (hyperthermic, uncoated, Typic Quartzipspamment) at Fort Meade, Florida 

were used as reference and analyzed for chemical properties (Table 3-8).  The parameters of 

organic matter, CEC, Mehlich I-extractable and oxalate-extractable nutrients were lower than the 

very good productivity zone of the experimental citrus grove and values were similar to very 

poor productivity zone at the surface, but were quite higher than the very poor and poor 

productivity zones at the lower three depths. The soil properties did not decrease with depth as 

sharply as they did for the very poor productivity zone. Oxalate-extractable nutrients had higher 

values indicating the presence of coatings on sand grains of Candler soil series.  

Although chemical properties helped explain the variation in citrus yield, soil physical 

properties due to their important role in holding these nutrients and water in the root zone can 

further help in exploring the differences of productivity of the citrus grove. 

Physical Properties 

Summary statistics of soil physical properties at the 0-60 cm depth (Table 3-9) showed a 

large extent of variation for all the parameters suggested by their high CV values. In general, the 

CVs for all the physical properties ranged from moderate to high except, L* (lightness), sand 

content, and fine sand fraction. Sand content showed very low CVs, as most of the soils under 

Florida citrus production are sandy and the sand content varies between 94 to 97%. The small 

variation in sand content of these soils can make a large contribution to the variation in soil 

physical properties as observed from the CVs of the soil physical properties that depend on sand 
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content. The occurrence of moderate to high spatial variation of physical properties is also 

reported in other studies (Duffera, et al., 2007; Kvaerno et al., 2007). 

The effects of five productivity zones, four soil depths, and the interaction of these two 

factors (productivity zone*soil depth) on soil physical properties are summarized in Table 3-10. 

Productivity zone had a significant influence on soil physical properties except soil color 

parameter “a*” (red-green scale), very coarse sand size fraction and bulk density. Soil depth 

significantly affected soil color parameter “L*” and bulk density. The effect of depth on color 

and bulk density reflected the variation of organic matter content with depth. Interaction effects 

of the productivity zone and depth were not significant for any of the physical properties, hence 

means were compared for 1) four depths averaged across five productivity zones, 2) five 

productivity zones averaged across four depths, and 3) five productivity zones at each depth..  

The results of the Tukey test mean separation for soil color parameters and particle size 

distribution are presented in Table 3-11. The parameter L*, increased with soil depth since the 

subsurface soil is devoid of plant residues and organic matter decomposition that impart a darker 

color to the surface soil. Among the different productivity zones averaged across four depths, L* 

decreased continuously towards the zones of high productivity. At the depth of 0-15 cm, 

although statistically similar, the values decreased along the increased productivity except for the 

good productivity zone. The very poor productivity zone had higher values than only the very 

good zone at 15-30 cm, but the values were higher than both the good and very good zones at 

depths of 30-45 and 45-60 cm. High values of L* in the good productivity zone may be due to 

the presence of coatings in this zone that impart bright color to the soil. This decrease of 

lightness with productivity was in accordance with the increase of organic matter (Table 3-3), 

both horizontally between the productivity zones and vertically between four depths. 
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For the parameter of yellow blue scale b*, depth had no effect, but the values for the very 

poor productivity zone were significantly lower than the other four zones at all depths except 0-

15 cm. At the surface, only the good productivity zone had greater values than the very poor 

productivity zone, which can be related to the results of oxalate-extractable nutrients (Table 3-5). 

The highest values for oxalate-extractable nutrients were found in the good productivity zone, 

indicating that higher productivity could be tied to the presence of coatings on sand grains, 

whereas the productivity of the very good zone was due possibly to its high organic matter 

content. Scanned pictures for all the soils from four depths (Figure 3-3) also illustrated the 

presence of coatings in the zones of poor, medium, and good growth, while high organic matter 

content in very good growth areas, and the very poor zone was devoid of both the coatings as 

well as organic matter. Photographs showing morphology of the sand grains (Figure 3-4) 

confirmed the presence of coatings in the E horizon of poor and Bh1 horizon of good 

productivity zones and the stripped sand grains in the E horizon of the very poor productivity 

zone.  An absence of coatings is indicated by light gray or white colors with Munsell chroma ≤2 

and value ≥7 . The dominance of stripped sand grains can be observed under a hand lens or 

microscope (Harris et al., 1996). The samples used to study morphology of sand grains were 

from the upper 60 cm depths for all the productivity zones. These large differences of 

morphology in the root zone depth of citrus trees in the form of coatings could have greatly 

contributed to the productivity potential. 

These results are consistent with the organic matter content (Table 3-3) and oxalate-

extractable nutrients (Table 3-5). Soil color is a good indicator of productivity, as yellow or 

brown sand grains represent coatings in the form of Fe and Al oxides and dark color  represents 

organic matter content. The presence of organic matter and coatings on sand grains may impart 
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high nutrient and water holding capacities to the productive areas of the grove. The ability of 

easily-measured soil color to discriminate between different productivity zones suggests that soil 

color can be used to delineate management zones (Fleming et al., 2001; Mzuku et al., 2005).  

Sometimes organic coating by amphiphilic substances may cause water repellency by 

lowering surface free energy of soil particles. The onset of water repellency results in very low 

water infiltration rates and poor plant growth. It is recognized that soil water repellency is often a 

function of the type of organic matter incorporated in it, and that certain organic matter induces 

soil water repellency in soils by several means (Dekker et al., 2001). In this study, none of the 

soils from five productivity zones were water repellent. In general, a soil is considered to be 

water repellent if WDPT exceeds 5 seconds (Dekker et al., 1998). 

Soil particle size distribution is one of the important physical properties affecting plant 

growth.  Although almost all Florida soils used to produce citrus are sandy in texture (Obreza 

and Collins, 2002), they do differ with respect to their sandy nature. Sand content was not 

affected by soil depth when averaged across all productivity zones, but it showed very interesting 

patterns when productivity zones were compared at each of the 15-cm depth intervals. At 0-15 

cm, sand content did not vary between zones, but differences appeared at 15-30 cm. At this 

depth, only the very good zone had lower sand content than the very poor productivity zone. For 

the depth of 30-45 cm, medium, good, and very good productivity zones had lower values than 

the very poor productivity zones. After further exploring the sand size fraction, it was possible to 

differentiate even the poor and the very poor productivity zones at the 45-60 cm depth, indicating 

the marked effect of depth in differentiating these productivity zones with respect to their sandy 

nature. 
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The pattern of distribution of silt was directly opposite to sand content, as these soils have 

very low clay content. Silt content was also unaffected by depth, but variation was observed 

between the productivity zones at each depth. Silt content was lower in the very poor zone 

compared with the very good productivity zone at 0-15 and 15-30 cm depths, although it was 

equal to the middle three productivity zones. The very poor productivity zone was separated 

from medium and good zones at 30-45 cm and from the poor productivity zone at 45-60 cm 

depths, further suggesting the obvious effect of depth in differentiating productivity potential. 

Clay content helped differentiate productivity only at the 15-30 cm depth, where 

significantly lower clay content was found in the very poor compared with the very good 

productivity zone. The very low silt and clay contents of these soils and the inaccuracies in the 

measurements of these low amounts can not be used as a reliable measure to explain the 

differences in the productivity. 

Soil texture can have a large influence on productivity through its effect on soil water 

content (Mzuku et al., 2005; Ersahin and Brohi, 2006; Kvaerno et al., 2007). The higher the sand 

content, the larger the pore diameter and the higher the hydraulic conductivity of a soil, which  

allow greater and faster movement of water through the soil, and hence low water retention. The 

silt and clay content has a reverse effect, as their larger amounts are responsible for large 

numbers of micropores which are responsible for holding water tightly and for longer time 

periods, thus allowing more water available for plants (Hillel, 1980). Clay content could not 

differentiate the productivity, but the variation of soil moisture content and productivity could be 

correlated with organic matter and silt content. Similarly, variability in soil moisture was related 

to the organic matter and silt content by Kristensen et al. (1995). The key role of texture in 
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affecting other soil properties like EC, bulk density, and CEC can also be related to the yield 

potential of a soil (Bakhsh et al., 2000; Bechini et al., 2003; Cox et al., 2003).   

The role of sand content in explaining citrus grove productivity emphasized the importance 

of detailed characterization of sand fractions. When the sand content was further partitioned into 

its various size fractions (Table 3-12), it was found that soil depth had no effect on any of the 

sand size fractions. 

The coarse size fraction at the average of four depths was the highest in the medium, 

followed by the poor and good, and the least in the very poor and very good productivity zones. 

The high coarse size fraction in the very good productivity zone could not explain the variation 

of productivity with respect to the coarseness of sand grains, due possibly to the very low (0.96 

to 1.81%) contribution of this fraction to the overall sand fraction. 

The medium sand size fraction for the average of four depths was the highest in the 

medium, followed by the very poor, poor, and good, with the least amount in the very good 

productivity zone. The middle three zones were equal to the very poor and very good zones 

towards decreasing and increasing productivity gradients, respectively. These three zones had a 

greater medium sand fraction than the very good zone at the subsurface. At 0-15, 15-30 and 45-

60 cm depths, the very good productivity zone had a significantly smaller medium size sand 

fraction than the very poor zone, which was also lower but statistically equal to the very poor 

productivity zone at the 30-45 cm depth. 

The very good productivity zone had a greater fine fraction of sand grains than the very 

poor and medium zones when averaged across four depths, but the values were higher than only 

the very poor zone at the 0-15 cm depth. At the depths of 15-30, 30-45 and 45-60 cm although 

statistically the same, the values increased towards the increasing productivity gradient. A more 
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pronounced effect of the fine sand fraction at 0-60 cm depth suggested its role in differentiating 

productivity in deeper soil layers. The fine sand fraction contributed approximately 80% to the 

total sand content, signifying its importance to productivity potential. 

The sand fraction was comprised of very fine fraction by about 4-10%, and this fraction 

was the same in five productivity zones at all the depths except at 45-60 cm, where it was highest 

in the very poor productivity zone. 

Sand size distribution alone could not statistically differentiate the productivity zones with 

respect to coarseness or fineness of sand grains, but the fine fraction that had the largest 

contribution to sand fraction can have a large effect. It differed by about 10% between the very 

poor and very good productivity zones, indicating that the fine sand size fraction can be 

responsible for high microporosity to the zones of high productivity. 

Bulk density (Table 3-13) was only affected by depth, and it increased with depth. There 

were no statistical differences in productivity zones at any depth, but the values decreased with 

increasing productivity at the upper two depths. The increase in bulk density with depth may be 

attributed to decrease in organic matter with depth and also due to the pressure of upper layers on 

the lower depths. The variations of organic matter content and bulk density usually occur in 

opposite directions both horizontally as well as vertically (Don et al., 2007).  High bulk density 

in the poor areas of the grove may inhibit root penetration, and variations in bulk density and 

compactness in citrus groves have been correlated with variation in yield (Myhre and Shih, 

1993). 

Saturated hydraulic conductivity (Table 3-13) was unaffected by depth, but the very poor 

zone had greater saturated hydraulic conductivity than the very good zone at the surface and at 0-

60 cm depth. Saturated hydraulic conductivity decreased with the productivity gradient by 2 to 
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3x indicating the role of water retention in productivity. High saturated conductivity allows more 

and fast movement of water through soil pores allowing less available water for plants, 

suggesting the role of plant-available water (PAW) in differentiating these zones. 

Plant-available water, or WHC, is defined as the water held between the soil water tensions 

of FC and PWP. FC is defined as the water content of an initially wetted soil after downward 

movement of water has materially ceased (Hillel, 1980).  The generally-accepted soil water 

tensions at which a soil reaches FC are 33 kPa for medium or fine textured soils and 10 kPa for 

sandy soils. Based on the moisture retention curves of different soils from flatwoods and ridge 

areas under Florida citrus production, Obreza et al. (1997) reported that the FC of these sandy 

soils occur at even lower soil water tension than the already defined value of 10 kPa. They 

suggested the necessity of developing soil specific moisture release curves for scheduling 

irrigation based on tensiometers for these sandy soils. 

Keeping this in mind, and to compare different productivity zones, moisture retention 

curves for the soil samples collected from five productivity zones at four depths were developed. 

Moisture retention curves at 0-15 cm depth (Figure 3-5) showed that at soil water tension 

of 5  kPa and >5 kPa, soils from very good and good productivity zones had more than twice as 

much water compared with soils from the very poor productivity zone. Soil water contents of 

poor and medium zones were similar to that in good and very good zones up to the soil water 

tension of 10 kPa. Beyond that value the poor and medium zones had lower water content. Along 

with this, the water content in these zones was almost equal to that of the very poor zone at soil 

water tension of ≥ 15 kPa , indicating differences in productivity due to water retained at higher 

soil water tension values. 
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Looking at the moisture retention curves at the 15-30 cm depth (Figure 3-6), although all 

the upper four productivity zones still had higher amounts of soil water than the very poor zone, 

the difference between the moisture content was not the same as observed at 0-15 cm. This can 

be seen where the curves come closer to each other.  At 5 kPa, the very good zone had higher 

water content than the very poor and poor zones, and it was higher than the good and very good 

zone at 10 kPa.  Also at 10 kPa, the zones of poor, medium, and good had lower moisture 

content than the very good zone, and it was higher than the very poor zone. The curves of poor, 

medium and good zones came closer to the curve of the very poor zone at soil water tension of ≥ 

20 kPa. However, the very good zone had still higher water content than all other zones up to soil 

water tension of 1500 kPa (PWP). 

When 30-45 cm depth soil samples from these productivity zones (Figure 3-7) were used 

to create the moisture retention curves, it was observed that the soil from the zone of very poor 

growth had lower moisture content than observed at 0-15 and 15-30 cm depths. The zones of 

poor and medium growth had almost equal amount of water at 10 kPa and similarly, this was the 

case with good and very good zones. At this depth, the water content of the poor, medium, and 

good productivity zones showed pronounced differences with the very good zone compared with 

the upper two depths. Again, the poor and medium productivity zones had water content equal to 

the very poor zone at soil water tension of ≥  20 kPa and 2 to 3 times lower than the good and 

very good zones. Looking carefully, the very good zone had higher water content than all the 

productivity zones at 1500 kPa (PWP), which was also higher at 15-30 cm, but the difference 

was more pronounced at this depth. 

The moisture retention curves developed for the 45-60 cm depth (Figure 3-8) helped to 

differentiate the zone of poor productivity from the zones of medium and good productivity. The 
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poor and very poor zones had equal water content at soil water tension of ≥ 7.5 kPa, but it was 

much lower than the upper three zones. At 10 kPa, medium, good, and very good had almost the 

same water, but they differed at soil water tensions ≥ 15 kPa.  

 Soils from very good and good productivity zones had higher water contents than the 

other three zones, which may be attributed to their low sand content, more fine sand fraction, 

high organic matter and presence of coatings on sand grains.  The behavior of the moisture 

retention curves at different depths further helped explain the variation in productivity potential 

as a function of soil depth.  The differences in moisture retention curves at different depths were 

consistent with the variations of organic matter, sand, and silt contents between the productivity 

zones as well as between the depths. The steeper curves for the very poor productivity zone also 

indicated their coarser size sand grains. These observations were in accordance with the particle 

size and sand size fractionation of these soils. 

For the soils of the very poor productivity zone, most of the water drainage due to gravity 

occurred between 0 to 7 kPa, indicating that the FC soil water tension for sandy soils of the 

experimental citrus grove falls below the defined limits of 10 kPa. Low water retention in the 

soils of the very poor zone may be due to their coarser nature (Hwang and Choi, 2006; Nemes 

and Rawls, 2006; Zacharias and Wessolek, 2007; Jiang et al., 2008). Sodek et al. (1991) 

correlated soil texture to water retention and developed a predictive model for water retention 

using soil texture. They found that water retention at 0.01 and 0.0345 MPa was significantly 

affected by the fine and very fine fractions of sand, while water retention at 1.5 MPa was 

affected by the clay distribution. Differences in water retention may also be due to the low 

organic matter content in soils of the very poor productivity zone. Soil texture mainly influences 

the shape and position of the moisture retention curves, while organic matter influences the water 
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content (De Jong et al, 1983). This effect of organic matter on water retention is higher in coarse 

textured than fine textured soils (Bouyoucos, 1939). 

These moisture retention curves were further used to find the soil water tension value to 

define the FC water content of these soils. This was derived from the relationship of unsaturated 

hydraulic conductivity and soil water tension, which was developed using the method of 

Millington and Quirk (Mualem, 1986) in the DRAINMOD simulation model. The unsaturated 

hydraulic conductivity value of 0.002 cm hr-1 was used as the criterion for beginning of FC. 

According to Hillel (1980) a likely criterion for soil water tension of FC is 1/10 or less of the 

daily potential evapotranspiration (ET). The daily potential ET value of 0.2 inches day-1 (0.02 cm 

hr-1) was used for the month of July (Boman et al., 2002) when soil sampling was done. Hence 

the 1/10th of this daily potential ET, 0.002 cm hr-1 of unsaturated hydraulic conductivity was used 

to find the corresponding soil water tension value of FC. 

There was no effect of depth on FC, PWP, and WHC (Table 3-14). The moisture retention 

curves for these soils were developed based on QA/QC protocols, so there was a single 

replication for all the samples. There was a single replication of FC water content because it was 

estimated from the moisture retention curves, so statistical analysis at specific depths was not 

possible. The water content at FC was highest in the very good and good productivity zones. The 

values of FC for the medium productivity zone followed the good and very good productivity 

zones, but statistically it was equal to the good productivity zone towards the increased, and to 

the very poor zone towards the decreased gradient of productivity. The very poor and poor 

productivity zones had the lowest FC water content. 

The water content at PWP for the average values of four depths was lowest in the very 

poor productivity zone, and the values ranged from 0.28% (very poor) to 1.36% (very good) 
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expressed on a volumetric basis. The PWP values also showed a very interesting pattern between 

the productivity zones when compared at different depths. PWP of very poor and very good 

productivity zones did not differ at the surface, but the very poor productivity zone had lower 

PWP at all the other depths. The middle three zones had volumetric water content at PWP 

similar to the very good productivity zone at the upper two depths, but lower compared with the 

very good productivity zone at 30-45 cm depth. Similarly, the very poor zone was similar to 

medium and good zones at 0-15 cm, but had lower values at the 15-30 and 30-45 cm depths. 

These results also suggested the significance of depth in defining the productivity of the citrus 

groves showing variable productivity. 

Water content at PWP had a greater influence on the water retention in these soils due to 

their more sand content. The. very small differences in the fine sand fractions may be responsible 

for the large differences in water content at high tensions. A high spatial variability in the 

distribution of water content at PWP was also observed by Zeleke and Si (2006). Organic matter, 

silt, and clay contents accounted for 80 to 90% of variability in the water retention at PWP of 

Florida soils (Calhoun et al., 1973). 

Depth-averaged WHC values were highest for the productivity zones of very good (7.09% 

by volume) and good (5.34% by volume). These were followed by the medium, poor and very 

poor zones of growth, indicating the significant effect of WHC on citrus production at the 

cumulative depth of 0-60 cm. This trend was similar at the individual depths as well. Subsoil 

properties affect the ability of the crop to utilize soil moisture, and variation in WHC can also be 

correlated with variations in organic matter (Amador et al., 2000). 

WHC greatly influences the yield potential of citrus planted on sandy soils because 

downward movement of water is very fast compared with soils dominated by finer particles. A 
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good correlation between yield and PAW is reported in other studies under the field conditions 

showing variability of yield and soil properties (Paz et al., 1998; Irmak et al., 2002; Chicota et 

al., 2006).  

The differences in volumetric water content can be related to particle size distribution. Soil 

water content at 33 and 1500 kPa was correlated positively with clay and negatively with sand 

content (Duffera et al., 2007). For Florida sandy soils, water retention in E horizons was 

positively correlated with organic matter and clay, and negatively with sand content. Jabro et al. 

(2006) explained that variation in texture is responsible for variation in PAW. The spatial 

variability of site-specific soil properties related to PAW affects crop yields. Similar studies 

suggest the improvement in PAW is the only way to increase yield (Paz et al., 2001; Irmak et al., 

2002). The behavior of PWP with depth indicated more spatial variation in deeper soil layers. 

Similar observations for the surface and subsoil volumetric water content were reported by 

Wilding (1985). Other studies also observed a large increase in yield in the areas of higher 

volumetric water content (Bourennane et al., 2004; Chichota et al., 2006). The variation in the 

PAW was suggested to be the primary factor controlling the yield variability within the paddocks 

and soil types by Oliver et al. (2006). Owing to its importance in productivity, the use of plant 

available water to delineate management zones can be suggested for the application of precision 

agriculture techniques (Robertson et al., 2007). 

The area under the moisture retention curves (Table 3-15) also increased with the 

productivity gradient and decreased at greater depths. The difference between the areas under the 

curves was high at greater soil depths. At 30-45 and 45-60 cm depths, the area doubled along the 

productivity gradient.   
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The semivariogram metrics (Table 3-16) for all the soil physical properties showed that the 

exponential, Gaussian, linear, and spherical models fit the best. Nugget to sill ratio for most of 

the parameters was low (Cambardella et al., 1994; Chien et al., 1997) except for color parameter 

a*, clay, and very coarse sand fraction. The spatial scale varied from 83 to 754 m, but most of 

the parameters ranged between 100 to 250 m , which is again similar to the spatial scale of the 

grove description parameters discussed in Chapter 2 (Table 2-2) and the soil chemical properties 

(Table 3-7). 

All the parameters were interpolated using kriging. The interpolated maps of spatial 

distribution of soil color parameters L*, a*, and b* at 0-60 cm depth are shown in Figure 3-9. 

The lightness L* was higher, but red green scale a * and yellow blue scale b* were lower in the 

center of the grove. Lightness represented exactly the same pattern as the color observed in the 

aerial photograph of the grove (Figure 2-1) in Chapter 2. These patterns were also similar but 

opposite to the patterns of citrus production (Figure 2-3) and organic matter content (Figure 3-1).  

Soil color is an indicator of soil fertility (Ketterings and Bigham, 2000). The type of soil 

constituents affect soil color, hence soil color is correlated with various soil properties including 

organic matter (Galvao and Vitorello, 1998; Galvao et al., 2001), Fe content (Scheinost and 

Schwertmann, 1999; Rossel et al., 2008) and soil water content (Galvao et al, 1997). Dark color 

in soils is usually an indicator of high organic matter (Torrent et al., 1983), while Munsell value 

and CIELAB lightness (L*) are negatively correlated with organic matter content (Konen et al., 

2003; Wills et al., 2007; Gunal et al., 2008). The parameter b* also had very similar patterns as 

that of citrus production. In soils with low organic matter content, secondary Fe oxides are the 

most important pigmenting agents (Torrent et al., 1983). Gunal et al., (2008) found a high 
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correlation between b* and Fe content. CIELAB color is also used widely to correlate soil color 

with Fe content (Torrent et al., 1983; Scheinost and Schwertmann, 1999; Rossel et al., 2008).  

Spatial distribution of sand, silt+clay, and volumetric water content at PWP (Figure 3-10) 

showed that sand content was high in the center and silt+clay showed the obvious pattern 

opposite to the sand content. These patterns revealed that the relationship of sand was negative 

with citrus production parameters (Figure 2-3) and positive with elevation (Figure 2-4), as in 

general the areas of high elevation had higher sand content. Soils under Florida citrus production 

were formed by the deposits of marine sediments through geologic time (Obreza and Collins, 

2002). These deposits along the landscape may lead to variations in soil particle size. The water 

currents settle the large sand size particles in the center and the small silt and clay size particles 

along the sides, hence, higher sand content in the center at higher elevation. Also the 

redistribution of soil particles along the landscape is responsible for coarser particles at the 

higher positions and finer at the lower positions. Sand content is generally high in the areas of 

higher elevation and is positively correlated with elevation (Pachepsky et al., 2001; Kaspar et al., 

2004).  Ovalles and Collins (1986) reported a decrease in sand and increase in silt and clay 

content downslope. Sand content was positively correlated with elevation in studies where yields 

were also negatively correlated with elevation (Terra et al., 2006; Noorbaksh et al., 2008).  

The volumetric water content at PWP (Figure 3-10) was also low in the center of the 

grove. This pattern was similar to the patterns of citrus production parameters (Figure 2-3) and 

organic matter (Figure 3-1), but opposite to elevation (Figure 2-4). High organic matter content 

in productive areas is responsible for high water retention (Olness and Archer, 2005). Soil and 

water redistribute and accumulate at lower landscape positions (Schoorl et al., 2002), and the 

higher locations in the field are drier than the lower locations (Tomer and Anderson, 1995; 
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Gomez-Plaza et al., 2000). This is due to greater water storage at lower positions as water 

storage is negatively correlated with elevation (Rawls and Pachepsky, 2002; Noorbaksh,. 2008). 

These spatial distributions are in accordance with the results of ANOVA and mean 

separation by the Tukey test (Tables 3-11 and 3-14). The spatial patterns of the distribution of 

color parameters of lightness and yellow blue scale, and sand, silt+clay, and PWP at 0-60 cm 

depth were very similar to the variability in citrus tree growth (Figure 2-1) and to the chemical 

properties (Figures 3-1 and 3-2). These combined results for spatial patterns illustrated the effect 

of organic matter and physical properties for increasing the water retention and their effect for 

increased tree growth and yield. 

The spatial distribution of soil physical properties indicated the semivariogram range 

between 100-200 m. The easily measured soil physical parameter like soil color can be used for 

planning soil sampling in new fields showing soil variability. As described for soil chemical 

properties, the sampling interval based on soil color parameters should be less than 75 m for new 

fields. The soil color measured with the spectrometer is a rapid and quantitative index of 

productivity. Soil color can also be measured in real time for the variable rate fertilizer and 

amendment application in the fields showing soil and/or tree growth variability. 

Soil samples from the Candler soil series used as a productive reference were also analyzed 

for physical properties (Table 3-17).  Parameters of lightness for Candler soil were lower than 

the very poor productivity zone at all the four depths (Table 3-11). The fact that parameters of 

red/green and yellow/blue scale had lower values at the 0-15 cm depth compared with the 

subsurface may be due to the masking effect of high organic matter content at the 0-15 cm depth. 

The parameter of yellow/blue scale had much higher values than all the other soils of the 

experimental grove. This result is in accordance with the high values of oxalate-extractable 
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nutrients, suggesting the role of coatings on the sand grains for high productivity of the citrus 

grove with Candler soil series. For the particle size distribution, sand content was almost equal to 

the very poor productivity zone, but the clay content was much higher than all five productivity 

zones, and the silt content was lower than the soils of experimental citrus grove. High clay 

content could have a significant role for the high productivity of this grove as even small 

differences in the clay content in these sandy soils can have a large effect in increasing the 

nutrient and water retention. Looking at the separate fractions of sand size particles, sand was 

comprised of very small percentages of very coarse and very fine fractions. Medium and fine 

fractions contributed more than 90% of the total sand fraction. The distribution of various sand 

fraction sizes was very different from the soils of the experimental grove (Table 3-12). The 

Candler soil series had a lower percentage of fine sand than the other soils, but it had the equal 

dominance of medium and fine fractions. 

The moisture retention curve for Candler soil series (Figure 3-11) showed the water 

content at the breakthrough point was approximately 9% at 0-15 cm depth. Volumetric water 

content at FC did not decrease as sharply at the subsequent depths as in the case of very poor 

zone. The values for PWP were higher than both the very poor and poor productivity zones, and 

again the values did not vary between the depths, indicating that the water content at PWP had a 

major role in productivity. Volumetric water content at WHC ranged from 5.6 to 8.0%. The 

interesting observation from the Candler soil series was that although it could not compete with 

the very good productivity zone of the experimental citrus grove, it was comparable to the good 

productivity zone and the values of all the physical parameters did not decrease with depth as in 

the case of very poor and poor productivity zones. 
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Representative Profiles of Five Productivity Zones 

Representative profiles of five productivity zones were studied for detailed characterization 

of each horizon for their chemical (Table 3-18) and physical (Table 3-19) properties, comparing 

the average values for all the parameters at each horizon. The detailed description of chemical 

and physical properties at each 15 cm depth interval is given in Appendix Table A1 and A2.  

It was found that the Bh (spodic) horizon was well developed in the very poor, good, and 

very good zones. The presence of a well-developed Bh horizon indicated that sufficient 

podzolization had occurred in these three zones. In good and very good zones, a weak Bh 

horizon was found at depths above 60 cm. The occurrence of a Bh horizon in the 60-cm root 

zone of citrus my cause compaction, water logging, and restrict root growth, but as the Bh was 

weakly developed in these two zones it may be responsible for nutrient and water retention in the 

root zone. The zones of poor and medium growth had Bw horizons at depths of about 100 and 

200 cm, respectively. 

For the very poor productivity zone, the occurrence of a stripped E horizon and crystalline 

clay accumulation in the Bh horizon is due to the colloidal illuviation of Al dominated grain-

coatings due to acidification and cheluviating effects (Harris and Hollien, 2000). The soil type 

covering most of the area of very poor productivity zones has been described as St. Lucie soil 

series (National Cooperative Soil Survey, USA, 2002). St Lucie soil series is described by “A-C” 

horizon and weakly developed soil horizons, indicating St Lucie soil series to be unaltered soil 

based on a 2-m fixed depth according to the standard for USDA procedures and taxonomy (Soil 

survey staff, 1999). We found that this soil contained highly leached clean white sand, which 

indicated intense weathering and leaching processes, and the presence of a Bh horizon below the 

deep E-horizon of white sand. The presence of a leached E horizon and a Bh horizon at the depth 

of approximately 2-m indicated the Duette soil series (Sandy, siliceous, hyperthermic Entic 
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Grossarenic Alorthods) (Harris, 2008, personal communication). However, the occurrence of St. 

Lucie or Duette soil series would have a similar effect on citrus production due to the similarity 

of their profile characteristics, because the profile definition differs at depths below 2 m. Harris 

et al (2005) confirmed the presence of a Bh horizon at depths of greater than 2 m in some white 

Quartzipsamments including St Lucie soil series. In our case, the occurrence of a Bh horizon was 

very close to the depth of 2 m. 

For all the zones, chemical property values decreased with depth but were high in the Bh 

horizons. The very poor zone showed the lowest chemical values in it’s A and E horizons. The 

differences between the E horizon of the very poor zone and the other four zones for all the 

nutrients were ≥ 10x , and these were very high (10 to 70x) for oxalate-extractable Al. In general, 

P and Ca also increased to a large extent in the Bh horizons, but maximum increase was for 

organic matter and oxalate-extractable Al. The accumulation of organic matter and oxalate-

extractable Al in the Bh horizons is due to release of Al from coating cement dissolution and 

significant accumulation as noncrystalline Al in the Bh horizon by its translocation along with 

the organic matter (Harris and Hollien, 2000). The patterns of P and oxalate-extractable Al were 

very much alike as the oxalate-extractable nutrients in the form of coatings retain more P than 

the sand grains devoid of these coatings (Harris et al., 1996). 

For the physical properties, color lightness increased up to the E horizon as indicated by 

L*, low chroma, and high values. The parameter of lightness was lowest in the A horizon of the 

very good zone due to high amounts of organic matter. The E horizon of the very poor 

productivity zone had the highest value, and this soil also had very low organic matter and 

oxalate-extractable nutrients indicating stripped sand grains. The sand content decreased and the 

translocation of silt and clay through the profile accumulated them in the Bh horizons. Sand size 
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fractions did not show a specific pattern of distribution with depth. However, the fine sand 

fraction was lowest in the very poor zone and the maximum difference of fine sand fraction was 

for the E horizons of all the zones, where the differences were about 20 to 25%. The percent 

occurrence of the very fine fraction was highest in the very poor zone which was about 3 to 5x 

higher than the other zones. 

Mineralogical Properties 

Indications of variation in mineralogy of the five productivity zones based on their 

chemical and physical properties necessitated the need for their mineral identification to further 

explore the differences in productivity. 

The XRD pattern of different horizons of the very poor zone (Figure 3-12) showed the 

presence of only quartz in its A and E horizons, but the occurrence of HIV, kaolinite, and quartz 

in the Bh horizon. The dominance of HIV and kaolinite in Bh horizons is by their accumulation 

due to translocation of Al-dominated grain coatings that are destabilized by podzolization in 

Spodosols devoid of weatherable minerals in the A and E horizons (Harris and Hollien, 2000).   

After identifying minerals for the soils of the poor productivity zone from their XRD 

patterns (Figure 3-13), HIV and quartz were confirmed in the A horizon, and HIV, kaolinite, and 

quartz in the E and Bw horizons. For the XRD pattern of the medium productivity zone (Figure 

3-14), HIV, kaolinite and quartz were identified in the A, E, and Bw horizons. There was not 

much change in the HIM distribution with depth. In the deep sandy surface horizons where 

podzolization did not occur, there was a relatively homogenous distribution of HIM (Harris et 

al., 1988). 

The XRD patterns of the good productivity zone (Figure 3-15) showed the presence of 

HIV, kaolinite, and quartz in all the horizons including Ap, Bh1, E, Bh2 and Bh3. For the very 

good productivity zone (Figure 3-16), minerals identified were HIV, kaolinite, and quartz for A, 
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Bh1, and E horizons. There was enrichment of HIM in Bh horizons of good and very good 

productivity zones. In haplaquods, HIM is less prevalent at or near surface than the Bh horizons 

(Harris and Carlisle, 1987; Harris et al., 1987b).  

The presence of HIV was confirmed from heat treatments of K saturated clay in all the 

samples. Many coastal plain soils of Southeastern USA contain minerals identified as HIV based 

on XRD and heat treatment (Fiskell and Perkins, 1970).  

In the four better productivity zones, A and E horizons were dominated by HIV, kaolinite, 

and quartz, whereas the horizons of the very poor soil were dominated by only quartz. The 

differences of mineralogy of A and E horizons between the very poor and the other four 

productivity zones explained the differences in the productivity. The poor fertility of very poor 

zone could be due to the very low clay fraction along with the dominance of quartz in its clay 

fraction. Quartz provides a very low reactive surface area in even the clay fraction and can 

contribute greatly to the lower nutrient and WHC of this zone. 

These HIMs help in improving nutrient-holding capacity of the soils. Harris et al. (1987a), 

compared the clay mineralogy of coated (≥ 5% silt+clay), uncoated (≤ 5% silt+clay) and stripped 

(coating free) sand grains of coastal plain soils. They found that the clay from coated and slightly 

coated sands were high in HIM and usually contained gibbsite. The clays of stripped sands 

contained large amounts of quartz, variable smectite, little or no HIM, and no gibbsite. They 

evaluated Astatula, Tavares, Candler, Lakeland, Lake and Gainesville soil series for coated or 

slightly coated, and St. Lucie and Satellite series for stripped soils. Carlisle and Zelazny (1975), 

also reported that the clay fractions of coated soils contained 14 A° intergrades, kaolinite, quartz 

and gibbsite and on the other hand uncoated St. Lucie soil contained varying amounts of 

smectite, some kaolinite and dominance of quartz with no detectable gibbsite. If coatings are 
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absent on sand grains, either they were not present in a soil or they were removed during the 

process of podzolization, as Fe and Al oxides destabilize and result in loss of clay minerals 

incorporated in oxide-bound coatings (Harris et al., 1987a). These coatings contain very reactive, 

organo-metal complexes in the clay fraction that exhibit a large surface area and this is 

responsible for the retention of nutrients in the coated sand grains, but leaching of nutrients in the 

stripped sand (Harris et al., 1996) as a minor volume of coatings in the clay fraction can 

contribute a large reactive surface area (Davis and Kent, 1990). 

The TG analysis of Bh and E horizons of the very poor productivity zone (Figure 3-17) 

represents the weight loss due to water at 105 °C. Losses from the Bh horizon of the very poor 

productivity zone were very small and were negligible for the E horizon. The loss of water at 

about 550 °C confirmed the presence of kaolinite in the Bh horizon. 

The loss of water was comparatively high for the upper four zones of productivity (Figure 

3-18) indicating the role of the clay fraction in water retention at higher soil water tension values. 

These results are in accordance with the results of volumetric water content at PWP. The loss of 

water between 450 to 650 °C confirmed the presence of kaolinite in all these soils.  

Microbiological Properties 

Substrate utilization patterns in the form of AWCD (Table 3-21) decreased with depth, and 

for the average of two depths (0-15 and 15-30 cm), the very poor productivity zone had lower 

AWCD than the medium, good, and very good productivity zones. AWCD did not vary between 

the productivity zones at 0-15 cm depth, but was low in the very poor productivity zone at 15-30 

cm depth. The plot of AWCD against incubation time for each zone at two depths (Figure 3-19) 

revealed that the differences between productivity zones were highest up to the 48 hr incubation 

period, after which these differences decreased. Longer incubations (> 48 hr) resulted in more 

positive responses, but the differences among samples in the amount of color development 
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became smaller. Comparison of different productivity zones at two depths indicated that the 

differences between the very poor and poor zones were pronounced at 15-30 cm as compared 

with the 0-15 cm depth.  

PCA is an eigenanalysis procedure that attempts to maximize the amount of variance in a 

data set that can be explained by a few principal components (PCs). Each PC extracts a portion 

of the variance in the original data. The greatest variance for the AWCD was extracted by PC1 

for each depth. The plot of PC values against AWCD (Figure 3-20) indicated that they were 

strongly correlated (r = 0.98) for each depth. Therefore PC1 was used to differentiate the carbon 

source utilization between five productivity zones. The carbon sources that could explain at least 

half the variance in PC1 were considered responsible to differentiate among the communities 

(Table 3-22). 

We performed PCA to obtain an index of productivity that incorporated the differences in 

the resource availability and above ground biomass. For the incubation period of 24 hr (Figure 3-

21), PCA did not show any clustering of different soil communities at 0-15 cm depth, but 

clusters appeared at  the15-30 cm depth. PC1 could differentiate very poor from good and 

medium productivity zones, but it could not be differentiated from very good productive zone. 

Analysis of PC1 illustrated that the microorganisms in the soils of very poor productivity zone 

utilized a number of carbohydrates, carboxylic acids, few amino acids, and polymers to a lesser 

degree than the soils of good and medium zones. At 48 hr of incubation, analysis of PC1 (Figure 

3-22) indicated low utilization of carbohydrates, carboxylic acids, phosphates, a few amino 

acids, and polymers in the very poor zone at each depth.  

The AWCD that is the measure of oxidation of carbon source, increased with the increased 

productivity gradient, and this increase conformed to increased organic matter, moisture, and 
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nutrient contents along the increased productivity. Broughton and Gross (2000) observed 

variations in AWCD along the productivity gradient within a field and correlated this variation 

with carbon and moisture contents. Higher AWCD and productivity were in the areas of lower 

elevation within the field. The varying gradients of organic matter affect microbial activity as 

organic matter provides chemical energy and nutrients for soil microorganisms (Franklin and 

Mills, 2003; Bossio et al., 2005; Gomoryova et al., 2007; Kizilkaya and Askin, 2007). 

Besides substrate utilization analysis, enzymatic assay was used as another indicator of 

microbial activity, since production of many enzymes is directly dependent on the availability of 

the corresponding substrates, hence enzymes can be used as potential indicators of soil quality 

(Garcia-Ruiz et al., 2008). Enzymatic activity provides information on biochemical processes 

occurring in soil. The hydrolytic enzymes, β-glucosidase, urease, phosphatase, and arylsulfatase 

which are involved in cycling of principal nutrients (C, N, P and S) are sensitive indicators of 

soil fertility.  

The enzymatic activity as correlated with productivity zone and depth (Table 3-23), 

indicated that the activity of β glucosidase and xylosidase decreased with depth, however, 

alkaline phosphatase was unaffected by soil depth. For individual enzymes, β glucosidase 

activity increased with the productivity gradient except in the medium productivity zone that had 

the lowest activity at 0-15 cm depth, and at the average of two depths. The productivity zones 

did not vary at 15-30 cm depth. The activity of xylosidase also behaved similarly, showing 

minimum activity in the medium productivity zones. However, phosphatase activity increased 

along the productivity gradient.  

The enzymatic activity for all the three substrates generally increased with increase in 

organic matter owing to its dependence on carbon substrate supply (Deng and Tabatabai, 1997; 
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Wang and Lu, 2006; Tejada and Gonzalez, 2007). β-glucosidase and xylosidase are involved in 

the carbon cycle and are closely related with the transformation and decomposition of organic 

matter, hence their activity changes proportionally with organic matter (Wick, et al., 1998; 

Sowerby et al., 2005; Masto et al., 2006; Monokrousos et al., 2006; Allison et al., 2007). The 

phosphatase activity was higher in the medium productivity zone due possibly to its high P 

retention capacity related to high amorphous Al in the form of coatings on sand grains. Soil 

phosphatase activity has been correlated with total P, total organic carbon, and water soluble Ca, 

Fe and Al contents of five soils under south Florida citrus production (Yu et al., 2006). 

For both the indicators of microbial activity, the values decreased with depth due to 

decreased organic matter at subsequent depths. Microbial activity generally decreases with depth 

due to lower organic matter in the subsurface (Taylor et al., 2002; Biederbeck et al., 2005). 

These results were consistent with the findings of several other studies related to spatial 

distribution of microbial activity in different agricultural ecosystems (Haack et al., 1995; Rover 

and Kaiser, 1999; Broghton and Gross, 2000; Bossio et al., 2005). Along with organic matter, 

soil moisture that varied greatly between the productivity zones may have an important control 

on the activity of the microbial community. Microbial abundance and activity decline rapidly 

below FC water content, and the processes of respiration and transformations are negligible at 

potentials below 1.5 MPa (Wilson and Griffin, 1975). Frey et al. (1999) found no differences 

between microbiological properties using soil moisture as a covariate. A 10% reduction of soil 

moisture content reduced the urease activity by 10 to 67%, protease activity by 15 to 66%, and β-

glucosidase activity by 10 to 80% (Sardans and Penuelas, 2005). 

The results of two indicators of microbial activity suggested that the function of the 

microbial community plays a significant role in differentiating the productivity of citrus groves, 
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because the functional processes are responsible for recycling nutrients required for plant growth 

and soil structure maintenance.  

Summary and Conclusions 

A detailed characterization of horizontal and vertical soil variability was performed with 

respect to the chemical, physical, mineralogical, and microbiological properties.  

For the first objective of detailed soil characterization, chemical properties including 

organic matter, CEC, and Mehlich I-extractable and oxalate-extractable nutrients, and all 

physical properties had a common pattern of spatial distribution. These properties were in 

general high in the high-yielding areas and vice-versa, indicating their direct effect on the 

productivity potential. The trend was opposite for the parameter of lightness L*, and sand 

content, which were lower in the high-yielding areas. Clay mineralogy of different horizons 

helped explain differences in productivity owing to the presence of only quartz dominated sand 

grains in the A and E horizons of the very poor productivity zone and HIV and kaolinite in other 

productivity zones. Activity of soil microorganisms mimicked the behavior of distribution of 

organic matter in these soils.   

Comparing the different productivity zones at four depths and at different horizons to 

achieve the second objective, it was found that along the horizontal variation of these properties, 

an important aspect to be considered is the influence of soil depth in discriminating between the 

different productivity zones. Soil organic matter, nutrient status, soil color, particle size 

distribution, sand size distribution, and soil water retention parameters varied greatly along the 

depth, and the differences in these soil properties within the productivity zones were prominent 

at greater soil depth. One of the interesting observations gleaned from these results is that a very 

thin surface layer of 0-15 cm cannot define productivity in citrus groves with variable tree 

growth. 
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 The results of characterization and quantification of spatial soil variability in this citrus 

grove would help in planning future soil sampling in new fields showing soil and/or tree growth 

variability. The selection of soil sampling sites should be based on the sampling interval 

suggested by the variogram range of easily measured soil properties. The range of soil properties 

like organic matter, Mehlich I-extractable nutrients, oxalate-extractable Fe and Al, and soil color 

suggested that sampling interval should be less than 63 m. This corresponds to a grid size of less 

than 0.4 ha, however; the soil and leaf tissue testing in Florida citrus groves recommends 

dividing the grove into a management unit of no more than 8 ha (Obreza et al., 2008a). This area 

is slightly less than the area under the experimental citrus grove (10 ha), which represented a 

large variability in soil properties, tree growth and fruit yield. In addition, the present 

recommendations of soil analysis for Florida citrus groves (Obreza et al., 2008a) do not include 

the soil color and oxalate-extractable nutrients, which are good indicators of sand grain coatings. 

The soil analysis in the fields showing soil and tree growth variability should include these 

parameters to quantify the variability in sand grain coatings and the productivity.  

Therefore, these results would help in ameliorating the unproductive areas based on proper 

soil sampling, soil variability characterization, and identification of the major factors responsible 

for yield variability. These major yield-limiting factors can be used to delineate the management 

zones for the site-specific management of the field. The importance of subsoil properties for 

explaining the productivity potential can further help in planning the soil sampling and 

management of citrus groves.   
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Table 3-1. Summary statistics of soil chemical properties at 0-60 cm depth in the citrus grove. 
Soil Property Minimum Maximum Mean S.D. C.V. 

(%) 
Skewness 

pH   6.0       7.9     6.8    0.51     7.44 -0.04 
EC, mS m-1   0.9       4.7     2.5    0.98   37.90  0.46 
OM,  g kg-1   1.73     19.69     9.37    4.75   50.74  0.26 
CEC, cmol kg-1   0.92       7.23     2.54    1.30   51.03  1.78 
Mehlich I-extractable nutrients, mg kg-1 
P   5.25   104.13   46.19   25.73   55.70  0.56 
K   2.00     30.00   12.70     6.47   50.94  0.56 
Ca 71.50 1120.38 265.40 198.10   74.64  3.02 
Mg  7.13     56.50   21.06   11.34   53.87  1.42 
Mn  0.50       3.75     1.35     0.63   46.96  2.07 
Fe  2.75     15.50     8.82     3.69   41.81  0.05 
Oxalate-extractable nutrients, mg kg-1 
Fe  50.67 1125.19 194.77  197.72 101.52  3.73 
Al   8.88  895.13 403.17  263.70   65.41 -0.09 

 
Table 3-2. Effect of five productivity zones and four depths on soil chemical properties of the 

citrus grove.   

Soil Property Main Effect Interaction 
Productivity zone‡ Depth§ Productivity zone *Depth 

pH *** NS† NS 
EC, mS m-1 *** *** NS 
OM,  g kg-1 *** *** NS 
CEC, cmol kg-1 *** *** NS 
Mehlich I-extractable nutrients, mg kg-1 
P *** *** *** 
K *** *** NS 
Ca *** *** NS 
Mg *** *** NS 
Mn NS *** NS 
Fe *** NS *** 
Oxalate-extractable nutrients, mg kg-1 
Fe *** *** *** 
Al *** NS *** 

 * Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
 † NS, nonsignificant (p>0.05). 
 ‡ Five productivity zones are very poor, poor, medium, good and very good. 

          § Four depths are 0-15, 15-30, 30-45 and 45-60 cm.  
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Table 3-3.  Main effects of productivity zone and depth on pH, electrical conductivity, organic 
matter and cation exchange capacity.  

Depth (cm) Productivity zone Mean (Depth)‡ 
Very Poor Poor Medium Good Very Good 

 pH 

0-15 7.3  NS†  6.9 NS  6.8 NS  6.8 NS  7.2 NS   7.0 NS 

15-30  7.3a¶  6.5ab  6.4b  6.8ab  7.4a   6.9 NS 
30-45 7.2a  6.5ab  6.4b  6.7ab  7.3a   6.8 NS 
45-60 7.3a  6.2b  6.2b  6.5ab  7.2a   6.7 NS 
Mean (Zone) 7.2A§  6.5B  6.5B  6.7B  7.3A   6.8 

Electrical conductivity, mS m-1 

0-15 1.86 NS  3.88 NS 3.90 NS  4.30 NS  4.24 NS   3.63 A 
15-30 1.35 b  2.78 a 2.73 a  2.23 ab  2.68 a   2.35 B 
30-45 1.24 b  2.25 ab 2.37 ab  2.12 ab  2.42 a   2.08 B 
45-60 1.25 NS  2.15 NS 2.35 NS  3.02 NS  2.27 NS   2.21 B 
Mean (Zone) 1.42 B  2.76 A 2.84 A  2.92 A  2.90 A   2.57 

Organic matter, g kg-1 

0-15 5.89b 16.15a 16.75a 18.13a 18.63a 15.11A 
15-30 2.39b   8.82a 10.38a   9.63a 13.13a   8.87B 
30-45 1.65b   7.02a   8.31a   7.66a 12.30a   7.39BC 
45-60 1.18b   6.71a   5.28a   7.89a   9.54a   6.12C 
Mean (Zone) 2.78C   9.67B 10.18B 10.83AB 13.40A   9.37 

Cation exchange capacity, cmol kg -1 

0-15 2.52b  4.37ab  4.32ab   4.25ab   5.98a   4.29A 
15-30 0.98c  2.32b  2.10b   2.42b   3.88a   2.34B 
30-45 0.72c  1.42b  1.60b   2.03ab   3.70a   1.89C 
45-60 0.67c  1.30bc  1.35b   1.95ab   2.92a   1.64C 
Mean (Zone) 1.22C  2.35B  2.34B   2.66B   4.12A   2.54 
† NS, nonsignificant (p>0.05). 
 ‡ Within column, means of four depths averaged across five productivity zones with same 

uppercase letter are not significantly different (p > 0.05) by the Tukey test. 
§ Within row, means of five productivity zones averaged across four depths with same uppercase 

letter are not significantly different (p > 0.05) by the Tukey test. 
 ¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 

significantly different (p > 0.05) by the Tukey test. 
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Table 3-4. Main effects of productivity zone and depth on Mehlich I-extractable nutrients. 

Depth (cm) 
Productivity zone Mean(Depth)‡ Very Poor Poor Medium Good Very good 

Mehlich I-extractable K, mg kg-1 

0-15  10.83 NS†  21.00 NS  24.00 NS 23.00 NS 17.17 NS 19.20A 
15-30   3.25b¶  14.00a  13.50a 14.50a 17.33a 12.52B 
30-45   3.08b  10.00a   9.58a 14.00a 14.17a 10.17BC 
45-60   2.33b  11.00a  10.25a 11.75a  9.33a  8.93C 

Mean (Zone)   4.88B§  14.00A  14.33A 15.81A 14.50A 12.7 
Mehlich I-extractable Ca, mg kg-1 

0-15 349.75 NS 501.42 NS 585.08 NS 540.17 NS 813.75 NS 558.03A 
15-30   99.33b 211.08b 145.92b 187.25ab 524.33a 233.58B 
30-45   56.92b  99.50b   88.08b 142.00ab 439.42a 165.18C 
45-60   48.50b  64.17b   44.67b 143.58ab 223.00a 104.78C 

Mean (Zone) 138.63C 219.04BC 215.94BC 253.25B 500.13A 265.40 
Mehlich I-extractable Mg, mg kg-1 

0-15  42.33 NS  48.75 NS  48.00 NS 45.42 NS 43.75 NS 45.65A 
15-30   8.83b  18.92ab  10.58ab 14.33ab 26.67a 15.87B 
30-45   5.08b  10.42ab   7.08b 11.50ab 29.75a 12.77BC 
45-60   4.00b   8.33ab   5.33b 10.33ab 21.75a  9.95C 

Mean (Zone) 15.06C  21.60B  17.75BC 20.40B 30.48A 21.06 
Mehlich I-extractable Mn, mg kg-1 

0-15   3.25NS  3.92NS   3.25NS  3.75NS  2.92NS  3.42A 
15-30   0.67 NS  0.92 NS   0.83 NS  0.92 NS  0.83 NS  0.83B 
30-45   0.58 NS  0.50 NS   0.50 NS  0.58 NS  0.50 NS  0.53BC 
45-60   0.50 NS  0.58 NS   0.92 NS  0.50 NS  0.50 NS  0.60BC 

Mean (Zone)  1.25NS  1.48NS   1.38NS  1.44NS  1.19NS  1.35 
† NS = not significant (p>0.05). 
 ‡ Within column, means of four depths averaged across five productivity zones with same 

uppercase letter are not significantly different (p>0.05) by the Tukey test. 
§ Within row, means of five productivity zones averaged across four depths with same uppercase 

letter are not significantly different (p>0.05) by the Tukey test. 
 ¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 

significantly different (p>0.05) by the Tukey test. 
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Table 3-5. Simple effects of productivity zone and depth on Mehlich I and Oxalate-extractable 
nutrients.  

Productivity 
zone 

Depth 
(cm) 

Mehlich I-extractable, mg kg-1 Oxalate-extractable, mg kg-1 

P Fe Fe Al 
Very Poor 0-15 42.75 bcd†  9.00 ab 226.52 ab   30.58 c 
 15-30  7.17 f  3.17 c    8.52 c   14.33 d 
 30-45  2.33 h  2.33 c    2.6 cd   11.57 de 
 45-60  3.25 gh  2.42 c    0.76 d    5.19 e 
Poor 0-15 48.58 abc  8.67 ab 426.62 a 303.36 b 
 15-30 42.17 bcd 10.33 ab 372.33 a 320.3 b 
 30-45 24.33 cde  9.67 ab 255.07 ab 354.57 b 
 45-60 18.67 e 12.75 a 226.95 ab 308.82 b 
Medium 0-15 68.33 ab  9.83 ab 309.93 a 372.15 b 
 15-30 51.92 ab 12.08 a 237.15 ab 623.75 a 
 30-45 43.83 abc 12.42 a 200.9 ab 530.71 ab 
 45-60 21.00 de 10.50 ab 197.47 ab 525.59 ab 
Good 0-15 79.08 a  9.33 ab 295.39 a 489.76 ab 
 15-30 58.08 ab 10.83 a 210.13 ab 581.38 ab 
 30-45 45.25 abc 10.58 ab 185.95 ab 593.88 a 
 45-60 58.33 ab  9.67 ab 148.8 ab 683.29 a 
Very good 0-15 72.08 ab  6.08 b 191.04 ab 342.14 b 
 15-30 77.25 ab  8.58 ab 135.75 ab 374.48 b 
 30-45 93.17 a 10.00 ab 148.61 ab 861.96 a 
 45-60 66.17 ab  8.08 ab 115.02 b 735.6 a 

    † Within column, means with same letter are not significantly different as determined by the 
Tukey adjusted least square means. 
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Table 3-6.  Results of analysis of covariance on soil chemical properties using pH as a covariate. 

Soil Property Productivity zone Significance† 
Very Poor Poor Medium Good Very good 

pH as covariate 
CEC, cmol kg-1 0.99c‡     2.52b     2.56b    2.75b    3.87a * 
Mehlich I-extractable nutrients, mg kg-1 
Ca  81.84c 262.36b 270.78b 275.33b 436.67a * 
Mg  11.53b   24.30a   21.16a   21.77a   26.53a * 
Oxalate-extractable nutrients, mg kg-1 
Fe  14.43c 354.70a 279.99ab 227.64b   97.12c * 

† *, **, *** significant at p< 0.05, 0.01 and 0.001 probability level, respectively. 
‡ Within row means with same letter are not significantly different in five productivity zones. 

 
Table 3-7.  Semivariogram metrics for soil chemical properties at 0-60 cm depth in the citrus 

grove. 
Soil property Nugget    Sill Range 

(m) 
Nugget Sill ratio      
(%) 

R2  Model 

pH    0.0027 0.254  89.4  1.06 0.109 Spherical 
EC, mS m-1 0.0080 0.959  70.0  0.83 0.059 Spherical 
OM,  g kg-1 0.0010 0.583 154.8  0.17 0.915 Gaussian 
CEC, cmol kg-1 0.0001 0.297 182.2  0.03 0.823 Gaussian 
Mehlich I-extractable nutrients, mg kg-1 
P 0.0010 0.625 141.5  0.16 0.825 Gaussian 
K 0.0010 0.454 151.4  0.22 0.565 Spherical 
Ca 0.0010 0.431 227.4  0.23 0.698 Spherical 
Mg 0.0589 0.306 230.9 19.26 0.692 Spherical 
Mn 0.0567 0.212 355.2 26.69 0.869 Spherical 
Fe 0.0232 0.263  99.7  8.81 0.179 Spherical 
Oxalate extractable-nutrients, mg kg-1 
Fe 0.0010 0.673 102.9  0.15 0.568 Gaussian 
Al 0.0010 2.970 128.3  0.03 0.912 Gaussian 
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Table 3-8. Chemical properties of soil from a Candler soil series in a very productive citrus 
grove.  

Soil property 
Depth (cm) 

0-15 15-30 30-45 45-60 
pH   7.1    6.6   6.2   6.4 
EC, mS m-1   3.6    2.5   2.4   2.4 
OM,  g kg-1   9.88    7.02   6.14   5.68 
CEC, cmol kg-1   2.5    2.0   1.3   1.6 
Mehlich I-extractable nutrients, mg kg-1 
P   18.5    6.0   3.0    4.0 
K   10.0    8.0   7.5    5.0 
Ca 266.5 111.5  62.0   55.5 
Mg   45.5   29.0  20.0   19.0 
Mn    3.5    1.5    0.5    0.5 
Fe    6.0   10.5   11.0   10.5 
Oxalate-extractable nutrients, mg kg-1 
Fe 272.33 204.73 198.23 190.34 
Al 380.75 375.25 368.98 361.09 
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Table 3-9. Summary statistics of soil physical properties at 0-60 cm depth in the citrus grove. 
Soil property Minimum Maximum Mean S.D. C.V. (%) Skewness 
Soil color parameters 
L*  (Lightness)  55.0  83.8   70.0  7.4 10.6 -0.25 
a*  (Red-Green Scale)    1.7    9.7     3.2  1.8 57.0   2.88 
b*  (Yellow-Blue scale)    3  17   10  3.98 38.73 -0.41 
Particle size distribution, percent by weight 
Sand  96.3  99.1    97.7   0.69   0.70 -0.20 
Silt   0.84   3.27    1.96   0.66 30.47  0.22 
Clay   0.08   0.77    0.33   0.14 42.14  1.46 
Silt+clay   0.94   3.67    2.29   0.69 29.52  0.26 
Sand size distribution, percent by weight 
Very coarse    0.03    0.14     0.08   0.03 36.16   0.28 
Coarse    0.80    2.04     1.30   0.34 25.90   0.43 
Medium 11.46   19.72   15.04   2.37 15.73   0.08 
Fine 74.87   84.09   78.53   2.73   3.48   0.59 
Very fine    2.17     9.77     4.81   1.54 32.14   1.32 
Bulk density, g cm-3   1.44     1.71     1.59   0.08 52.49 -0.33 
Ksat, cm hr-1 74.02 193.29 136.95 33.49 51.49 -0.46 
Water content, percent by volume 
Field capacity   3.35    8.45     5.53   2.11 49.49  0.39 
Permanent wilting point  0.14    1.73     0.91   0.44 48.49  0.10 
Water holding capacity   2.49    7.36     4.71   1.90 50.49  0.34 
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Table 3-10. Effect of five productivity zones and four depths on soil physical properties of citrus 
grove.   

Soil Property Main Effect Interaction 
Productivity zone‡ Depth§ Productivity zone *Depth 

Soil color parameters 
L* (Lightness) *** *** NS† 
a*  (Red-Green Scale) NS NS NS 
b*  (Yellow-Blue scale) *** NS NS 
Particle size distribution, percent by weight 
Sand *** NS NS 
Silt *** NS NS 
Clay * NS NS 
Silt+clay *** NS NS 
Sand size distribution, percent by weight 
Very coarse NS NS NS 
Coarse *** NS NS 
Medium *** NS NS 
Fine *** NS NS 
Very fine *** NS NS 
Bulk density, g cm-3 NS *** NS 
Ksat, cm hr-1 * NS NS 
Water content, percent by volume 
Field capacity  *** NS -¶ 
Permanent wilting point *** NS NS 
Water holding capacity  ** NS - 
Area under the water 
retention curve 

*** * - 

* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
† NS, nonsignificant at 0.05 probability level. 
‡ Five productivity zones are very poor, poor, medium, good and very good. 
§ Four depths are 0-15, 15-30, 30-45 and 45-60 cm. 
¶ Single field replication. 
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Table 3-11.  Main effects of productivity zone and depth on soil color parameters and particle 
size distribution. 

Depth (cm) Productivity zone Mean (Depth)‡ 
Very Poor Poor Medium Good Very Good 

L*, Lightness 

0-15 69.8ab ¶ 62.6ab 68.3ab 71.8a 54.7b 65.4C 
15-30  75.8a 72.1ab 61.9ab 63.4ab 60.0b 66.6BC 
30-45 80.8a 74.6ab 71.1abc 68.3bc 62.3c 71.4AB 
45-60 86.5a 77.3ab 76.3ab 73.0b 69.4b 76.5A 
Mean (Zone) 78.2A§ 71.7AB 69.4B 69.1B 61.6C 70.0 

b*, Yellow blue scale 
0-15 7b  10ab 12ab 15a 12ab 11 NS 
15-30  4b  11a 11a 11a 11a  9 NS 
30-45 3b  12a 12a 11a 11a 10 NS 
45-60 3b  13a 13a 11a 11a 10 NS 
Mean (Zone) 4B  12A 12A 12A 11A  10 

Sand content,  percent by weight 
0-15 98.5NS 96.8 NS 97.2 NS 97.8 NS 97.2 NS 97.5 NS 
15-30 98.6a 98.2a 97.8ab 97.9ab 97.0b 97.9 NS 
30-45 98.7a 98.2ab 97.6b 97.8b 96.6c 97.8 NS 
45-60 98.7a 97.2c 97.6bc 97.8b 97.1c 97.7 NS 
Mean (Zone) 98.6A 97.6B 97.6B 97.8B 97.0C 97.7  

Silt content, percent by weight 
0-15 0.95b  2.25ab  2.10ab  1.97ab  2.50a  1.96 NS 
15-30 1.29b  1.58ab  1.99ab  1.82ab  2.54a  1.85 NS 
30-45 0.98d  1.42dc  2.17ab  1.92bc  2.94a  1.88 NS 
45-60 1.12c  2.84a  2.49ab  1.90b  2.43ab   2.16 NS 
Mean (Zone) 1.09b  2.02a  2.19a  1.90a  2.60a  1.96 

Clay content, percent by weight 
0-15 0.37 NS 0.54 NS 0.28 NS 0.22 NS 0.43 NS 0.37 NS 
15-30 0.14b 0.25ab 0.22b 0.27ab 0.45a 0.27 NS 
30-45 0.35 NS 0.42 NS 0.23 NS 0.30 NS 0.44 NS 0.35 NS 
45-60 0.33 NS 0.31 NS 0.27 NS 0.28 NS 0.42 NS  0.32 NS 
Mean (Zone) 0.30 NS 0.38 NS 0.25 NS 0.27 NS 0.44 NS 0.33  
† NS, nonsignificant at 0.05 probability level. 

 ‡ Within column, means of four depths averaged across five productivity zones with same 
uppercase letter are not significantly different (p>0.05) by the Tukey test. 

§ Within row, means of five productivity zones averaged across four depths with same uppercase 
letter are not significantly different (p>0.05) by the Tukey test. 

 ¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 
significantly different (p>0.05) by the Tukey test. 
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Table 3-12. Main effects of productivity zone and depth on sand size distribution. 

Depth (cm) Productivity zone Mean(Depth)‡ Very Poor Poor Medium Good Very good 
Coarse, percent by weight 

0-15  1.41ab ¶  1.43ab  1.63a  1.22ab   0.96b  1.33 NS 
15-30  1.22ab  1.37a  1.61a  1.27ab   0.96b  1.29 NS 
30-45  1.04bc  1.42ab  1.81a  1.22bc   0.98c  1.30 NS 
45-60  1.08b  1.37ab  1.71a  1.24ab  1.05b  1.29 NS 

Mean (Zone)  1.19BC§  1.40B  1.69A  1.24B   0.99C  1.30 
Medium, percent by weight 

0-15 18.01a 15.94ab 17.65a 14.21ab 12.52b 15.66 NS 
15-30 16.11a 15.71a 16.91a 15.07a 12.16b 15.19 NS 
30-45 14.42bc 14.78b 18.41a 14.64b 11.69c 14.79 NS 
45-60 14.91ab 15.38ab 17.30a 14.09b 11.66c 14.67 NS 

Mean (Zone) 15.86B 15.45B 17.57A 14.51B 12.00C 15.08 
Fine, percent by weight 

0-15 72.72b 78.50ab 76.18ab 79.54ab 81.90a 77.77 NS 
15-30 73.26 NS 78.73 NS 77.45 NS 78.63 NS 82.45 NS 78.10 NS 
30-45 73.57 NS 79.29 NS 75.98 NS 78.80 NS 79.92 NS 77.51 NS 
45-60 72.13 NS 78.69 NS 76.29 NS 79.07 NS 81.05 NS 77.45 NS 

Mean (Zone) 72.92C 78.80AB 76.47BC 79.01AB 81.33A 77.71 
Very Fine, percent by weight 

0-15  7.52 NS  3.79 NS  4.18 NS  4.67 NS  4.38 NS  4.91 NS 
15-30  9.05 NS  3.76 NS  3.75 NS  4.79 NS  4.12 NS  5.09 NS 
30-45 10.56 NS  4.09 NS  3.50 NS  5.00 NS  7.07 NS  6.04 NS 
45-60 11.51a  4.26b  4.36b  5.27ab  5.95ab  6.27 NS 

Mean (Zone)  9.66 NS  3.98 NS  3.95 NS  4.94 NS  5.38 NS  5.58 
† NS, nonsignificant at 0.05 probability level. 

 ‡ Within column, means of four depths averaged across five productivity zones with same 
uppercase letter are not significantly different (p>0.05) by the Tukey test. 

§ Within row, means of five productivity zones averaged across four depths with same uppercase 
letter are not significantly different (p>0.05) by the Tukey test. 

 ¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 
significantly different (p>0.05) by the Tukey test. 
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 Table 3-13. Main effects of productivity zone and depth on bulk density and saturated hydraulic 
conductivity.  

Depth (cm) Productivity zone Mean(Depth)‡ Very Poor Poor Medium Good Very good 
Bulk density, g cm-3 

0-15    1.52 NS¶    1.51 NS    1.43 NS    1.40 NS    1.22 NS    1.41B 
15-30    1.71 NS    1.56 NS    1.55 NS    1.51 NS    1.57 NS    1.58A 
30-45    1.68 NS    1.68 NS    1.61 NS    1.65 NS    1.65 NS    1.65A 
45-60    1.73 NS    1.75 NS    1.69 NS    1.69 NS    1.72 NS    1.72A 

Mean (Zone)    1.66NS§    1.63 NS    1.57 NS    1.56 NS    1.54 NS    1.59 
Saturated hydraulic conductivity, cm hr-1 

0-15 129.42a 113.35ab 105.74ab 136.19a 51.60b 107.26 NS 
15-30 166.64 NS 170.03 NS 142.96 NS 181.02 NS 72.75 NS 146.68 NS 
30-45 173.41 NS 154.80 NS 158.19 NS 111.66 NS 109.12 NS 141.44 NS 
45-60 200.48 NS 154.80 NS 145.50 NS 155.65 NS 105.74 NS 152.43 NS 

Mean (Zone) 167.49A 148.25AB 138.09AB 146.13AB 84.80B 136.95 
† NS, nonsignificant at 0.05 probability level. 

 ‡ Within column, means of four depths averaged across five productivity zones with same 
uppercase letter are not significantly different (p>0.05) by the Tukey test. 

§ Within row, means of five productivity zones averaged across four depths with same uppercase 
letter are not significantly different (p>0.05) by the Tukey test. 

 ¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 
significantly different (p>0.05) by the Tukey test. 
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Table 3-14. Main effects of productivity zone and depth on field capacity, permanent wilting 
point and water holding capacity.  

Depth (cm) Productivity zone Mean(Depth)‡ Very Poor Poor Medium Good Very good 
Field capacity, percent by volume#    

0-15 4.00 4.00 7.00 6.30 10.00 5.86NS 
15-30 4.00 3.20 5.00 6.20 7.00 4.94 NS 
30-45 3.75 3.20 6.00 6.40 10.80 5.69 NS 
45-60 2.80 3.00 5.00 6.90 6.00 4.60 NS 

Mean (Zone) 3.64CD 3.35D 5.75BC 6.45AB 8.45A 5.27 NS 
Permanent wilting point, percent by volume   

0-15 0.50b§ 1.36a 1.03ab 1.21ab 1.29ab 1.08NS 
15-30 0.19b 0.69a 1.05a 0.92a 1.25a 0.82 NS 
30-45 0.20c 0.79b 0.79b 0.83b 1.96a 0.91 NS 
45-60 0.22c 0.54bc 0.65abc 1.47a  0.92ab 0.76 NS 

Mean (Zone) 0.28B¶ 0.85A 0.88A 1.11A 1.36A 0.89 NS 
Water holding capacity, percent by volume#     

0-15 3.50 2.64 5.97 5.09 8.71 5.18 NS 
15-30 3.81 2.51 3.95 5.28 5.75 4.26 NS 
30-45 3.55 2.41 5.21 5.57 8.84 5.12 NS 
45-60 2.58 2.46 4.35 5.43 5.08 3.98 NS 

Mean (Zone) 3.36BC 2.50C 4.87B 5.34AB 7.09A 4.63 
† NS, nonsignificant at 0.05 probability level. 
 ‡ Within column, means of four depths averaged across five productivity zones with same 

uppercase letter are not significantly different (p>0.05) by the Tukey test. 
§ Within row, means of five productivity zones averaged across four depths with same uppercase 

letter are not significantly different (p>0.05) by the Tukey test. 
 ¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 

significantly different (p>0.05) by the Tukey test. 
# Single field replication. 
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Table 3-15. Area under the moisture retention curve between the field capacity and permanent 
wilting point limits. 

Depth (cm) Productivity zone Mean(Depth)‡ Very Poor Poor Medium Good Very good 
0-15 1836.9¶ 2341.9 2413.0 2555.3 2955.5 2420.5A 
15-30 1384.6 1614.1 2326.1 2234.4 2827.2 2077.3AB 
30-45 1377.5 1676.7 1695.9 1917.8 3056.7 1944.9AB 
45-60 951.6 1456.2 2262.6 2325.6 1876.5 1774.5B 

Mean (Zone) 1387.6C§ 1772.2BC 2174.4AB 2258.3AB 2679.0A 2054.3 
† NS, nonsignificant at 0.05 probability level. 
 ‡ Within column, means of four depths averaged across five productivity zones with same 

uppercase letter are not significantly different (p>0.05) by the Tukey test. 
§ Within row, means of five productivity zones averaged across four depths with same uppercase 

letter are not significantly different (p>0.05) by the Tukey test. 
 ¶ Single field replication. 
 
Table 3-16.  Semivariogram metrics for soil physical properties at 0-60 cm depth. 

Soil property Nugget Sill Range Nugget Sill 
ratio (%) 

R2 Model 

Soil color parameters 
L*  (Lightness) 0.100000 63.560 200.1    0.16 0.830 Spherical 
a*  (Red-Green Scale) 1.795000  3.592 221.3  49.97 0.405 Spherical 
b*  (Yellow-Blue scale) 0.000100  0.306 102.5    0.03 0.735 Gaussian 
Particle size analysis, percent by weight 
Sand 0.000001  0.001 166.5     0.07 0.708 Spherical 
Silt 0.003000  0.060 101.0     4.97 0.170 Spherical 
Clay 0.014930  0.015 248.6 100.00 0.378 Linear 
Silt+clay 0.002400  0.056  83.1     4.27 0.046 Spherical 
Sand size fraction, percent by weight 
Very coarse 0.001043  0.003 162.2   34.13 0.405 Spherical 
Coarse 0.008100  0.066 658.7   12.31 0.956 Gaussian 
Medium 0.008000  0.456 754.5     1.75 0.989 Gaussian 
Fine 0.000100  0.209 682.5     0.05 0.698 Exponential 
Very fine 0.001000  0.516 143.6     0.19 0.646 Spherical 
Permanent wilting point 0.000100  0.052 166.1     0.19 0.905 Gaussian 
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Table 3-17. Physical properties of soil from Candler soil series. 

Soil property 
Depth (cm) 

0-15 15-30 30-45 45-60 
Soil color parameters 
L* (Lightness) 61.14 66.31 70.09 62.33 
a*  (Red-Green Scale)  4.91  7.00  7.13   6.25 
b*  (Yellow-Blue scale) 19 24 24 22 
Particle size Distribution , per cent by weight 
Sand 98.43 98.66 98.02 98.1 
Clay   0.82  0.61  0.61  0.81 
Silt  0.77  0.74  1.38  1.1 
Silt+clay  1.57  1.34  1.98  1.9 
Sand size distribution, per cent by weight  
Very coarse  0.23  0.10  0.21  0.12 
Coarse  3.42  3.96  3.42  4.01 
Medium 43.48 48.12 43.74 47.55 
Fine 49.52 44.88 49.06 45.16 
Very fine  2.97  2.81  3.21  3.02 
Water content, percent by volume 
Field capacity  8.90 6.20 6.20 6.20 
Permanent wilting point 0.84 0.81 0.76 0.58 
Water holding capacity  8.06 5.39 5.44 5.62 
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Table 3-18. Chemical properties of representative profiles of five productivity zones. 

Horizon Depth (cm) 

 Mehlich I-extractable nutrients, mg kg-1 
Oxalate-extractable 
nutrients, mg kg-1 

pH 
EC 
mS m-1 

OM 
g kg-1 

CEC 
cmol kg-1 P K Mg Ca Mn Fe Al Fe 

Very poor productivity zone 
Ap 0-15 6.9 2.3  7.1 2.3  54.5  5.0 18.5 343.0 3.5 11.5   39.5 215.8  
E 15-180 7.4 1.6  1.9 0.7    2.0  2.1  3.2  47.3 0.5  2.2   10.8    0.01 
Bh 180-195 7.1 2.8 17.6 4.0 125.0  9.5 32.0 422.0 0.5  8.5  514.2   23.8 

Poor productivity zone 
Ap 0-15 7.2 3.2 28.8 7.0  80.5 54.5 78.0 923.0 4.0  9.5 1418.2 361.1 
E 15-105 7.4 3.0  9.7 2.5  31.3 26.9 29.7 220.0 0.6 20.6  714.0 220.3 
Bh 105-120 7.4 3.0 10.7 2.8 135.0 49.5 50.0 216.5 0.5 25.0 2607.0 777.3 

Medium productivity zone 
Ap 0-15 7.0 3.4 29.3 5.4  71.0 33.5 78.0 690.0 2.5  8.0  483.5 271.2 
E 15-190 5.6 1.4  6.2 1.4  21.9 19.6  4.2  25.5 0.6  8.9  403.7  65.3 
E 190-205 5.4 2.4  3.8 1.4  25.0 10.5  3.5  31.5 0.5 13.0  400.8  35.6 

Good productivity zone 
Ap 0-15 7.1 4.3 22.5 3.9  63.5 10.5 38.0 476.5 4.5  9.0  229.0 142.2 
E1 15-40 7.4 1.7 10.1 2.5 22.0  6.8 23.8 293.8 1.0  2.8  128.3  27.4 
Bh1 40-60 7.2 2.1 16.3 4.8 137.0 12.3 39.0 617.8 6.8  7.0  937.8  24.8 
E2 60-165 6.9 1.3  4.1 1.4  32.7  3.2  9.2  87.2 0.5  3.6  252.9  13.4 
Bh2 165-180 6.2 1.9 11.1 2.1  78.5  7.5 13.5  71.0 0.5  4.5 1352.5  20.6 
Bh3 165-195 5.8 2.5 43.3 1.4 135.0 14.5 23.0  76.5 0.5  2.5 6926.2  26.8 

Very good productivity zone 
Ap 0-15 7.6 4.5 36.2 13.8 131.5 37.5 109.5 2320.0 6.5  4.5  274.8 156.5 
Bh1 15-45 8.0 3.4 16.9 6.1  91.8 13.3 46.8 893.5 1.5  9.8  772.9  33.3 
E 45-165 7.7 2.0  5.6 1.4  18.6 10.1 10.9 143.4 0.5  3.3  322.8   3.9 
Bh1/ 165-180 7.2 4.7  9.3 2.3 74.5 23.0 17.0  96.5 0.5  3.0 1521.0   1.8 
Bh2/ 180-195 7.0 6.0 26.4 4.8 169.0 34.5 43.0 225.5 1.0  3.5 2814.2  14.3 
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Table 3-19. Physical properties of representative profiles of five productivity zones. 

 

Horizon Depth (cm) 

Soil color 
parameters 

Particle size distribution, 
percent by weight 

Sand size distribution, 
percent by weight 

L* a* b* 
Munsell 
color  Sand Silt Clay 

Very 
coarse Coarse Medium Fine 

Very 
fine 

Very poor productivity zone 
Ap 0-15 61.5  3.0  8.0 10YR5/2 98.3 0.96 0.73 0.04 1.48 16.9 58.35 23.03 
E 15-180 81.4  1.8  3.4 10YR8/1 98.6 1.20 0.30 0.20 1.50 15.2 54.70 28.20 
Bh 180-195 65.0  5.0  9.5 10YR3/2 97.0 2.25 0.72 0.25 1.61 13.7 59.98 24.20 

Poor productivity zone 
Ap 0-15 51.7  2.3  6.3 10YR4/1 94.7 4.89 0.37 0.15 2.02 17.1 77.10   3.22 
E 15-105 69.9  3.3 13.2 10YR6/4 95.7 3.90 0.40 0.10 1.90 15.3 78.70   3.70 
Bh 105-120 70.9  4.2 17.0 10YR5/3 94.7 4.86 0.48 0.02 1.76 14.7 80.77   2.37 

Medium productivity zone 
Ap 0-15 52.1  2.6  5.4 10YR2/2 95.7 3.93 0.40 0.19 1.12 15.2 76.64   6.40 
E 15-190 72.9  2.3  8.7 10YR6/2 97.2 2.30 0.60 0.10 1.40 13.9 81.50   3.00 
E 190-205 65.2  4.5 7.9 10YR5/2 97.0 1.79 1.18 0.04 1.42 14.2 80.15   3.74 

Good productivity zone 
Ap 0-15 78.1  3.3 16.9 10YR3/2 98.2 1.59 0.24 0.10 1.22 12.6 78.72   7.06 
E1 15-40 57.4  2.4  6.2 10YR4/1 97.9 1.90 0.20 0.01 1.00 11.5 81.70   5.50 
Bh1 40-60 56.6  2.5  4.7 10YR4/3 98.0 1.70 0.20 0.10 1.00 10.9 82.30   5.50 
E2 60-165 77.5  3.3 11.0 10YR7/1 98.6 1.20 0.20 0.02 1.10 10.5 82.40   5.80 
Bh2 165-180 74.1  4.6  7.7 10YR5/3 96.6 3.19 0.16 0.10 1.63 10.2 80.65   6.74 
Bh3 165-195 70.2  4.2  7.8 10YR3/4 95.1 3.85 1.06 0.15 1.07 7.6 83.81   6.77 

Very good productivity zone 
Ap 0-15 46.0 17.0 31.9 10YR2/1 96.7 2.44 0.82 0.02 1.02 11.6 77.97   9.28 
Bh1 15-45 55.8 12.5 22.1 10YR3/1 96.6 2.60 0.80 0.10 1.10 12.4 78.80   7.50 
E 45-165 75.8  2.8  8.5 10YR7/2 97.1 2.20 0.70 0.01 1.30 12.5  76.1   9.90 
Bh1/ 165-180 51.2  3.5  9.2 10YR5/3 94.1 4.78 1.16 0.04 1.42 10.7 77.07  10.71 
Bh2/ 180-195 52.9  4.5  9.6 10YR4/2 94.2 4.46 1.38 0.15 1.45 11.7 74.68  11.86 



 

 131 

Table 3-20. Sources of sole carbon in BIOLOG EcoPlates. 
Carbon Sources 

Carbohydrates Amino acids Phosphorylated chemicals 
β-Methyl-D-glucoside L-Arginine  Glucose-1-Phosphate  
D-Xylose  L-Asparagine  D,L-α-Glycerol Phosphate  
D-Mannitol  L-Serine   
N-Acetyl-D-Glucosamine  L-Threonine   
D-Cellobiose  Glycyl-L-Glutamic Acid   
α-D-Lactose  L-Phenylalanine   
i-Erythritol    
   
Carboxylic acids Amines Esters 
D-Galactonic  acid, γ-Lactone  Putrescine  Pyruvic Acid, methyl ester  
D-Galacturonic acid, Phenylethyl-amine   
γ-Hydroxybutyric acid   
D-Glucosaminic    
Itaconic Acid  Polymers  
α-Ketobutyric Acid  Tween 40   
D-Malic Acid  Tween 80   
-Hydroxy Benzoic Acid  Glycogen   
4-HydroxyBenzoic Acid   α-Cyclodextrin   
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Table 3-21. Effect of productivity zone and depth on average well color development (AWCD).  

Depth (cm) 
AWCD, absorbance at 590 nm 

Very Poor Poor Medium Good Very Good Mean (Depth)‡ 
0-15 0.49NS ¶ 0.59 NS 0.55 NS 0.68 NS 0.70 NS 0.60A 
15-30 0.23b 0.39ab 0.49a 0.52a 0.51a 0.43B 
Mean (Zone) 0.36B§ 0.49AB 0.52A 0.60A 0.61A 0.51 

 ‡ Within column, means of two depths averaged across five productivity zones with same 
uppercase letter are not significantly different (p>0.05) by the Tukey test. 

§ Within row, means of five productivity zones averaged across two depths with same uppercase 
letter are not significantly different (p>0.05) by the Tukey test. 

 ¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 
significantly different (p>0.05) by the Tukey test. 

 
Table 3-22. Correlations of different carbon source variables with principal component I. 

Carbon sources Correlation coefficient , r 
Carbohydrates 
β-Methyl-D-glucoside 0.84 
D-Xylose  0.77 
D-Mannitol  0.92 
N-Acetyl-D-Glucosamine  0.87 
D-Cellobiose  0.85 
α-D-Lactose  0.75 
Carboxylic acids 
D-Galactonic  acid, γ-Lactone  0.81 
D-Galacturonic acid, 0.87 
D-Malic Acid  0.78 
4-HydroxyBenzoic Acid   0.86 
Amino acids 
L-Arginine  0.75 
L-Asparagine  0.57 
L-Serine  0.78 
L-Phenylalanine  0.72 
Phosphorylated chemicals 
Glucose-1-Phosphate  0.74 
Esters 
Pyruvic Acid, methyl ester  0.81 
Polymers 0.70 
Tween 40  0.71 
Tween 80  0.85 
Glycogen  0.75 
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Table 3-23. Effect of productivity zone and depth on the enzymatic activity. 

Enzyme Depth (cm) 

Productivity zone 
Very 
Poor Poor Medium Good Very 

good 
Mean 
(Depth) ‡ 

Enzyme activity, µg g-1 dry soil h-1 
β-Glucosidase 0-15 0.76b ¶ 1.11b 0.48c 0.97b  2.93a 1.25A 

15-30 0.45NS 0.40 NS 0.44 NS 0.53 NS  0.56 NS 0.48B 
Mean (Zone) § 0.61B§ 0.76B 0.46C 0.75B  1.75A 0.86 

Xylosidase 0-15 1.26b 0.96b 0.52c 1.31b  4.69a 1.75A 
15-30 0.45b 0.23b 0.30b 1.29a  0.24b 0.50B 
Mean (Zone) 0.86C 0.59C 0.41C 1.30B  2.46A 1.13 

Phosphatase 0-15 5.01d 7.57c 7.78c 8.23b 11.23a 7.96 NS 
15-30 3.71b 4.59a 4.76a 3.40b  4.68a 4.23 NS 
Mean (Zone) 4.36D 6.08BC 6.27B 5.82C  7.96A 6.10 

‡ Within column, means of two depths averaged across five productivity zones with same 
uppercase letter are not significantly different (p>0.05) by the Tukey test. 

§ Within row, means of five productivity zones averaged across two depths with same uppercase 
letter are not significantly different (p>0.05) by the Tukey test. 

 ¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 
significantly different (p>0.05) by the Tukey test. 
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Figure 3-1. Interpolated maps showing the spatial distribution of soil properties. (a) organic 

matter (b) CEC and Mehlich I-extractable (c) P (d) K at 0-60 cm depth. 
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Figure 3-2. Interpolated maps showing the spatial distribution of soil properties. (a) Mehlich I-

extractable Ca (b) Mehlich I-extractable Mg (c) Mehlich I-extractable Mn and (d) 
Oxalate-extractable Al at 0-60 cm depth. 
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Figure 3-3. Scanned pictures of soils from five productivity zones at four depths showing the 

variation in soil color.  
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Figure 3-4. Photographs of soils from the citrus grove depicting morphology of coated and 

stripped sand grains without magnification (a) E horizon of very poor, (b) E horizon 
of poor and (c) Bh1 horizon of good productivity zone, and micrographs of (d) E 
horizon of very poor, (e) E horizon of poor and (f) Bh1 horizon of good productivity 
zones. 
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Figure 3-5. Water retention curves of soils from all the productivity zones at 0-15 cm depth. 
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Figure 3-6. Water retention curves of soils from all the productivity zones at 15-30 cm depth. 
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Figure 3-7. Water retention curves of soils from all the productivity zones at 30-45 cm depth. 
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Figure 3-8. Water retention curves of soils from all the productivity zones at 45-60 cm depth. 
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Figure 3-9. Interpolated maps showing the spatial distribution of soil color parameters                    

(a) lightness (L*) (b) red green scale (a*) and (c) yellow blue scale (b*) at 0-60 cm 
depth. 
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Figure 3-10. Interpolated maps showing the spatial distribution of soil properties (a) sand content 

(b) silt+clay content and (c) volumetric water at permanent wilting point at 0-60 cm 
depth. 
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Figure 3-11. Water retention curves of Candler soil at four depths. 
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Figure 3-12.  X-ray diffraction pattern of soil from very poor productivity zone for Ap, E and Bh 

horizons. The minerals identified were HIV, hydroxyl interlayer vermiculite; K, 
kaolinite and Q, quartz. 
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Figure 3-13.  X ray diffraction pattern of soil from poor productivity zone for Ap, E and Bh 

horizons. The minerals identified were HIV, hydroxyl interlayer vermiculite; K, 
kaolinite and Q, quartz. 
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Figure 3-14.  X ray diffraction pattern of soil from medium productivity zone at Ap and E 

horizons. The minerals identified were HIV, hydroxyl interlayer vermiculite; K, 
kaolinite and Q, quartz. 
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Figure 3-15.  X ray diffraction pattern of soil from good productivity zone at Ap, Bh1, E, Bh2 

and Bh3 horizons. The minerals identified were HIV, hydroxyl interlayer vermiculite; 
K, kaolinite and Q, quartz. 
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Figure 3-16.  X ray diffraction pattern of soil from very good productivity zone at Ap, Bh1, E 

and Bh1/ horizons. The minerals identified were HIV, hydroxyl interlayer vermiculite; 
K, kaolinite and Q, quartz. 
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Figure 3-17. Thermal gravimetric analysis of very poor productivity zone (a) Bh and (b) E  

horizon. 
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Figure 3-18.  Thermal gravimetric analysis of  different horizons of different productivity zones 

(a) Bh of poor, (b) E of medium (c) Bh2 of good and (d) Bh1 of very good 
productivity zone. 
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Figure 3-19. The absorbance (590 nm) for average well color development (AWCD) at different 

incubation periods for five productivity zones at (a) 0-15 cm and (b) 15-30 cm depths.  
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Figure 3-20. Correlation of the absorbance (590 nm) for average well color development 

(AWCD) with first principal component (PC1) at (a) 0-15 cm and (b) 15-30 cm 
depth.  
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Figure 3-21. Patterns of substrate utilization for incubation period of 24 hr at (a) 0-15 and (b) 15-
30 cm depth.  
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Figure 3-22. Patterns of substrate utilization for incubation period of 48 hr at (a) 0-15 and (b) 15-

30 cm depth. 
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CHAPTER 4 
RELATIONSHIP OF CITRUS PRODUCTION WITH SOIL PROPERTIES  

Introduction 

The variations in soil chemical, physical, mineralogical, and microbiological properties 

and processes may strongly affect the variability in soil fertility and crop productivity. Soil 

variability can be a direct result of the five soil forming factors namely, climate, organisms, 

relief, parent material, time, and their interactions (Jenny, 1941). Due to these complex 

interactions, it is difficult to determine the major yield-limiting soil properties. The identification 

of these yield-limiting soil properties requires an understanding of the relationship between yield 

and soil variability. Identifying the major soil properties responsible for yield reduction is 

necessary for site-specific crop management (Cassel et al., 2000; Bourennane et al., 2004).  

Yield variability within the fields can occur due to the horizontal and vertical variations of 

soil properties. Horizontal variations in soil properties are commonly related to yield variability 

(Plant et al., 1999; Jin and Jiang, 2002; Venteris et al., 2004). However, vertical variations can 

play an important role in citrus production due to the deeper root distribution of citrus trees. But, 

fertilizer applications in citrus groves are practiced based on the soil samples collected from the 

surface 15 to 20 cm layer (Obreza et al., 2008a). Thus the relationships between the citrus 

production and soil properties must be explored at different root zone depths. 

Soil properties are generally correlated with yield and among themselves (Zaman and 

Schumann, 2006; Jagadamma et al., 2008; Ping et al., 2008). Organic matter is the major yield 

limiting factor in Florida citrus groves. However, organic matter varies greatly within the fields 

and these variations of organic matter content are strongly positively correlated with yield 

variability (Mulla and Bhatti, 1997; Ayoubi et al., 2007). Organic matter affects a number of soil 

chemical, physical, and microbiological properties like CEC (Beldin et al., 2007), soil water 
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retention (Rawls et al., 2003; Olness and Archer, 2005) and microbial activity (Wang and Lu, 

2006; Tejada and Gonzalez, 2007).  Due to its direct effect on nutrient availability and uptake, 

soil nutrient content is highly correlated with yield variability (Schepers et al., 2004; Johnson and 

Richard Jr, 2005; Yasrebi et al., 2008). 

Soil physical properties influence other physical, chemical or microbiological properties.  

Soil texture is the most important physical property for crop production and it varies widely 

within the fields. The evaluation of 151 pedons from soils of northwest Florida using principal 

component analysis (PCA) indicated that total sand, fine sand, clay, and organic carbon are the 

most important properties to explain total variance within a field (Ovalles and Collins, 1988). 

The variations in soil texture can have a large effect on variation in bulk density, hydraulic 

conductivity or soil water retention (Zacharias and Wessolek, 2007; Jiang et al., 2008). Owing to 

its large variation and profound effect on other soil properties, especially soil water content, 

texture is strongly correlated with yield variability (Ersahin and Brohi, 2006; Kvaerno et al., 

2007). 

Conversely, soil physical properties are also influenced by other soil properties. The 

variations in soil color can occur due to variation in organic matter content or due to the presence 

or absence of coatings of Fe and Al oxides on sand grains. Due to the role of organic matter in 

soil water retention, soil color is also used as an indicator of moisture content (Persson, 2005; 

Sanchez-Maranon et al., 2007) and it is correlated to the variable yield patterns within a field 

(Luchiari et al., 2000; Hornung et al., 2006; Zaman and Schumann, 2006). 

Topography may influence crop productivity by affecting the movement and retention of 

nutrients and water (Mulla et al., 1992; Brubaker et al., 1993; Rawls and Pachepsky, 2002). Soil 

moisture content, which plays an important role in Florida citrus production, is negatively 
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correlated with elevation (Das and Mohanty, 2008). The redistribution of organic matter or 

nutrients may increase soil fertility and yields at lower elevations, exhibiting negative 

relationships between elevation and soil fertility or yield (Kravchenko et al., 2005; Balasundram 

et al., 2006). 

The relationships between crop production and soil properties and within soil properties 

can be studied using various statistical techniques. Simple correlation and multiple regression 

analyses are used to explore the relationships between crop yield and soil properties. Multiple 

regression attempts to model the relationship between two or more explanatory variables and a 

response variable by fitting a linear equation to the observed data. However, multiple regression 

analysis may create unstable coefficients for these variables when there is a problem of 

multicollinearity (Freud and Littell, 2000). Multicollinearity arises when the number of 

independent variables is larger than the observations and the variables are correlated (Freud and 

Littell, 2000). 

Several possible methods have been suggested to overcome the problem of 

multicollinearity in regression. These include reducing the number of correlated variables, 

principal component regression (PCR) (Naes and Mevik, 2001) or partial least squares (PLS) 

regression (Tobias, 1996; Abdi, 2003). In PCR, the orthogonal vectors derived from the 

independent variables (X) are used in regression to predict the dependent variable (Y). But, 

selecting the optimum subset of predictors is difficult as the components are chosen to explain X 

rather than Y and they may not be relevant for Y. In contrast, PLS regression selects the 

components from X that are relevant for both X and Y (Abdi, 2007), because it chooses the X 

and Y scores to find the strongest possible relationship between successive pairs of scores 

(Tobias, 2003; Abdi, 2007). The PLS regression is successfully used in the study of spectroscopy 
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where a high degree of collinearity exists between the variables (Ehsani et al., 1999; Bronson et 

al., 2005; Nguyen and Lee, 2006; Godoy et al., 2007) and has been used to develop a model to 

forecast corn yield based on vegetation health indices (Salazar et al., 2008). It gave the best 

predictions for citrus fruit yield using various visible or NIR bands (Ye et al., 2008) and using 

airborne hyperspectral imagery (Ye et al., 2007). Under the conditions of soil and yield 

variability, PLS regression can be successfully used to eliminate the multicollinearity and to 

predict yield from a number of soil properties (Stenberg, 1998; Hansen et al., 2002; Ping et al., 

2004; Nguyen et al., 2006). 

Exploring the relationships between soil properties and crop production using these 

statistical techniques will help discover the major yield-limiting soil properties that can be used 

for site-specific management of citrus groves. Therefore, the objectives of this work were to: 

• Evaluate the relationships between citrus production and soil properties and examine the 
extent of variability in citrus production explained by the measured soil properties. 

• Identify the most important soil properties differentiating soil fertility and crop 
productivity in citrus groves. 

• Determine the root zone depth contributing the most to citrus production. 

• Develop predictive models for citrus yield and canopy volume based on the major yield 
limiting soil properties. 

Materials and Methods  

Relationships between the citrus grove description parameters and soil properties measured 

in this study (Chapters 2 and 3) were analyzed using classical statistics. All the analyses were 

performed with SAS software (SAS Institute, Inc., 2003) and JMP 7 software (SAS Institute, 

Inc., 2007).   

The coefficient of correlation (r) is a measure of the degree of linear association between 

any two variables when other variables are fixed. Correlation analysis was performed using 
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PROC CORR to find r values between the citrus grove description parameters and soil properties 

at four cumulative depths. These four depths were 0-15 cm, 0-30 cm (weighted average of 0-15 

and 15-30 cm), 0-45 (weighted average of 0-15, 15-30 and 30-45 cm) and 0-60 cm (weighted 

average of 0-15, 15-30, 30-45 and 45-60 cm). Correlation matrices of soil chemical, physical and 

microbiological properties at each cumulative depth were created. 

The coefficient of determination (R2) in the regression analysis indicates the contribution 

of the independent variable to the variability in dependent variable. Stepwise multiple linear 

regression analysis was performed using PROC REG. Soil properties at four depth intervals and 

the mean depth (weighted average of four depth intervals) were used to find the percent 

contribution of soil properties towards citrus production.  

Multicollinearity arises when two or more independent variables are correlated with each 

other. The test for multicollinearity was performed for the dataset of four cumulative depths and 

based on the tolerance and variation inflation factor (VIF) criterion (Freud and Littell, 2000; 

O’Brian, 2007), the existence of multicollinearity was confirmed. 

To overcome multicollinearity and to develop predictive models for yield and canopy 

volume, partial least squares (PLS) regression was performed using PROCPLS.  In PLS 

regression, the X and Y variables are reduced to principal components. The components of X are 

used to predict the scores on the Y components, and the predicted Y component scores are used 

to predict the actual values of the Y variables (Abdi, 2007). All the soil properties were used for 

PLS regression analysis and the unimportant variables were deleted from the model based on the 

regression coefficients and variable importance for the projection (VIP) criterion (SAS Institute, 

Inc., 2003). Then the PLS regression was performed using the rest of the variables to produce the 

final model. In PLS, the number of latent vectors to be used in prediction is selected based on the 
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minimum predicted residual sum of squares (PRESS), and one latent vector was extracted for the 

data sets of soil properties at four depths. The cross validation option of CV= ONE was used for 

one-at-a-time cross validation. With this option, cross validation uses all observations but one for 

the calibrated model that is used to predict the omitted observation, and this process is repeated 

for every observation. The predictive abilities of the models were assessed from R2 values and 

root mean square error (RMSE). 

Cluster analysis was performed to divide the data into naturally occurring productivity 

groups using the data sets for the soil properties at four cumulative depths. Dendrograms were 

produced to look at the clustering of 30 sampling sites at four depths and at the distinctness of 

the clusters from their closest neighbor. 

Discriminant function analysis (DFA) is a classification technique and is appropriate when 

the dependent variable is known and categorical, and the independent variables are quantitative 

(Hair et al., 1995). Multivariate canonical discriminant function analysis using PROC CANDISC 

was performed for five productivity zones described in Chapter 2 (Figure 2-5) and soil properties 

at four depths. The data for two canonicals explaining the maximum variance were plotted to 

look into their role in discriminating the five productivity zones. 

Results and Discussion 

Relationships between citrus grove description parameters (citrus yield, canopy volume, 

NDVI, elevation and ground conductivity) and soil properties were analyzed using several 

classical statistics techniques.  

Correlation Analysis 

The relationships between the parameters used to describe the citrus grove and soil 

chemical properties (Table 4-1) revealed a strong relationship between them. In general, soil 
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chemical properties were positively correlated with citrus production (yield, canopy volume, 

NDVI) and ground conductivity (HCP and PRP), but were negatively correlated with elevation.  

Significant positive correlations between citrus production parameters and organic matter 

at 0-15 cm depth (r ~ 0.60 to 0.72) increased with increasing cumulative depth up to 0-60 cm (r ~ 

0.70 to 0.83). The increase in r values with depth indicated the significant effect of vertical 

variations of organic matter in limiting yield. These relationships were in agreement with the 

results discussed in Chapter 3 (Table 3-3), where organic matter was found to be a better 

indicator of productivity at the cumulative depth of 0-60 cm compared with the individual 15 cm 

depth intervals. 

The important role of organic matter in productivity may be due to increased CEC and 

nutrient retention (Asadu et al., 1997; Beldin et al., 2007). This is also suggested by the high 

degree of correlation between CEC and citrus production. Organic matter also improves the soil 

structure by aggregating inorganic soil components (Six et al., 2000; Masri and Ryan, 2006). The 

strong relationship between organic matter and citrus production can also be due to its ability to 

increase water retention (Teepe et al., 2003; Olness and Archer, 2005).  

Citrus production parameters were significantly positively correlated with Mehlich I-

extractable nutrients except Fe and Mn. Mg had significant correlations with citrus production at 

0-45 and 0-60 cm depths. The relationships of Mehlich I-extractable nutrients became stronger 

with increasing cumulative depth. The relationships between soil nutrient status and citrus 

production supports the idea that low fertility is among the major yield limiting factors for citrus 

groves (Srivastava and Singh, 2004; Srivastava and Singh, 2006).  

Citrus yield, canopy volume and NDVI were strongly correlated with oxalate-extractable 

Al. The r values ranged from 0.65 to 0.77 at 0-15 cm and from 0.72 to 0.83 at 0-60 cm depths. 



 

163 

Oxalate-extractable Al represents the presence of non-crystalline materials that are generally 

small in size, have larger surface area, and are very reactive (Goldberg et al., 2001). The 

presence of amorphous Fe and Al oxides on quartz grains in sandy soils increases nutrient 

retention, hence the productivity (Kellman, 2002).  

Elevation was generally negatively correlated with soil chemical properties. It was 

significantly correlated with only organic matter (r = -0.391) and CEC (r = -0.365) at the 0-15 

cm depth, but soil nutrients also showed significant relationships at the increased cumulative 

depths. These negative relationships revealed that high organic matter and high soil fertility were 

at the lower positions of the grove. The results are in agreement with the observed low elevation 

in the high productivity areas in Chapter 2 (Figure 2-3 and Figure 2-4). 

Variation in landscape position is responsible for the redistribution of soil particles, 

organic matter and nutrients along the landscape (Ovalles and Collins, 1986). Kravchenko et al. 

(2005) observed a negative correlation of elevation with yield, organic matter, P and K content 

and found that topography could explain 30 % of the variation in organic matter, P and K 

concentrations. Thus, the landscape position contributes greatly to soil and yield variability 

(Kaspar et al., 2003; Kaspar et al., 2004). 

Ground conductivity parameters (HCP and PRP; Chapter 2) showed positive relationships 

with soil chemical properties. HCP was significantly correlated, whereas the relationships of 

PRP with most of the chemical properties were not significant. Strong relationships of HCP were 

observed with organic matter (r = 0.797 to 0.839), CEC (r = 0.812 to 0.867) and Ca (r = 0.754 to 

0.776). The strongest relationship with CEC may be due the associated cations that are 

responsible for increased ground conductivity. Electrical conductivity is correlated to soil 

properties as it is influenced by the type and nutrient concentrations (Heiniger et al., 2003; 
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Kaspar et al., 2004; Kaffka et al., 2005; Siri-Prieto et al., 2006; Li et al., 2008). HCP showed a 

better relationship with soil properties because it measures the ground conductivity at a deeper 

soil profile (0-3 m) compared with the shallower PRP (0-1.5 m), suggesting the important role of 

vertical variations in soil properties (Johnson et al., 2003). These positive relationships of ground 

conductivity with soil chemical properties helped to understand the higher values of ground 

conductivity in the productive areas of the grove (Chapter 2, Figure 2-4).  

The relationships of soil physical properties with citrus production parameters, elevation 

and ground conductivity are presented in Table 4-2. Yield showed significant positive correlation 

values with color parameters a* and b*, silt content, fine sand fraction and volumetric water 

content at PWP at all the depths. The relationships of these physical properties were significant 

and stronger with canopy volume and NDVI. The canopy volume and NDVI were also positively 

correlated with FC water content and WHC. Among the negative correlations, parameter of 

lightness L*, sand content and medium sand fraction had strong significant correlations with all 

citrus production parameters, but bulk density and saturated hydraulic conductivity could only be 

correlated with canopy volume at 0-45 cm and 0-60 cm depths. 

The relationships between citrus production and lightness were negative with r ~ -0.25 to -

0.37 at 0-15 cm and r ~ -0.65 to -0.75 at 0-60 cm depths. The strong negative correlations among 

citrus production parameters and lightness indicated a decrease in lightness or increase in 

darkness with the increased productivity. The darkness of soil color is an indicator of high 

organic matter content (Mulla and Bhatti, 1997; Fleming et al., 2004). These observations were 

in agreement with the increased organic matter content along the productivity gradient described 

in Chapter 3 (Table 3-3). The negative relationship of lightness with productivity also suggested 

low moisture content in the less productive areas, because soil color can also be used as an 
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indicator of moisture content. When soil moisture content increases, water first adsorbs to the 

soil surfaces and then fills the micro and macro pores (Hillel, 1998). Air has a refractive index of 

1, water 1.33 and soil 1.40 to 1.70. Upon wetting, water replaces air, which decreases the 

difference between the refractive index of the soil-water medium compared with the soil-air 

medium (Sanchez-Maranon et al., 2007) and increases the light absorbance. Hence, wet soils are 

darker due to decreased reflectance (Galvao et al., 1997; Weidong et al., 2002). Positive 

correlations of citrus production with a* (redness) and b* (yellowness) revealed the contribution 

of sand grain coatings to the citrus production as the yellow or red-brown sand grains represent 

coatings of Fe and Al oxides. The presence of coatings on sand grains and organic matter may 

impart high nutrient and water holding capacities to the productive areas of the grove. 

The relationships of citrus production with sand, silt, volumetric water contents at FC and 

PWP, and WHC suggested that although all these soils are sandy, the subtle differences in their 

sand and silt contents can make a large difference in the water retention. The soils of low 

productivity zones were coarser than the soils of high productivity zones (Chapter 3, Table 3-11). 

Higher sand content in the poor areas of the grove imparts large macro porosity and high 

hydraulic conductivity to these soils. Thus, the coarse textured soils have low water retention 

(Pachepsky et al., 2001; Nemes and Rawls, 2006; Zacharias and Wessolek, 2007) and low yields 

(Ping et al., 2004; Ruth and Lennartz, 2008). Plant available water is positively correlated with 

yield, and depletion in plant available water can cause significant yield losses (Jiang et al., 2008).  

Within various sand size fractions, the fine sand fraction that contributed about 70 to 80% to the 

total sand, was positively and the medium sand fraction was negatively correlated with citrus 

production. 
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Elevation showed positive correlations with lightness, total sand content, medium sand 

fraction and bulk density. Among negative correlations were a*, silt content, fine sand fractions, 

volumetric water content at PWP and WHC. Sand and silt fractions are greatly affected by 

changes in elevation. Generally, the higher positions in the field have high sand contents and low 

water retention (Gomez-Plaza et al., 2000; Rawls and Pachepsky, 2002; Starr, 2005).  

Topographic attributes explained 67% of the variation in water retention at pressures of 10 and 

33 kPa (Pachepsky et al., 2001) and 51 to 77% variation in soil water storage (Tomer and 

Anderson, 1995). The large differences in sand content and water retention along the elevation 

can have a large effect on the productivity. The fine sand fraction was negatively correlated with 

elevation, which may be due to its redistribution at the lower positions of the grove. The positive 

correlation between bulk density and elevation can be attributed to low organic matter at the 

higher positions of the grove. Bulk density is negatively correlated with organic matter (Don et 

al., 2007) and organic matter can explain a large variability in the bulk density (Prevost, 2004; 

Heuscher et al., 2005). 

Ground conductivity parameters did not show significant correlations with most of the 

physical properties, except texture and the volumetric water content at PWP. Ground 

conductivity was negatively correlated with sand and positively to silt and volumetric water 

content at PWP. A strong relationship exists between soil volumetric water content and apparent 

electrical conductivity (ECa) (Kachanoski et al., 1988; Kachanoski et al., 1990), which is 

responsible for its strong relationship with plant available water (Reedy and Scanlon, 2003; Jiang 

et al., 2007).  

Among microbiological properties (Table 4-3) the activity of phosphatase was 

significantly correlated with the citrus grove description parameters except yield at both depths. 
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The relationships were positive with canopy volume, NDVI, HCP and PRP, but negative with 

elevation. The activity of β-Glucosidase was significantly correlated with canopy volume only at 

0-30 cm. Citrus production could not be correlated with soil microbiological properties like the 

chemical and physical properties except for phosphatase. The low correlation between citrus 

production and microbiological properties may be due to the lowest enzymatic activities in the 

medium productivity zones (Chapter 3, Table 3-23). The high productivity of this zone is due to 

the presence of coatings on sand grains (Chapter 3, Table 3-5). The positive relationships of 

phosphatase with citrus production can also be due to higher P retention in the medium zone due 

to the presence of coatings. 

The results of correlation analysis for soil properties were in agreement with the observed 

spatial patterns of citrus production (Figure 2-3), elevation, and ground conductivity (Figure 2-4) 

in chapter 2. These relationships also mimicked the spatial relationships of citrus production with 

soil chemical properties (Figures 3-1 and 3-2) and soil physical properties (Figures 3-5 and 3-6) 

observed in chapter 3. All soil chemical and physical properties were better correlated with 

canopy volume and NDVI compared with yield, suggesting that canopy volume and NDVI can 

be used as indices for the productivity of the citrus groves. Secondly, the observed relationships 

between citrus production and soil properties became stronger and significant with increased 

cumulative depth, suggesting the role of greater root zone depth in explaining citrus grove 

productivity. 

The correlation matrix of soil chemical properties at four cumulative depths (Table 4-4) 

illustrated that EC was positively correlated with organic matter, CEC, Mehlich I and oxalate-

extractable nutrients (except Mn) at all the depths. These relationships became stronger with 

increasing depth. Analyzing the stronger correlations among soil fertility indicators and EC at 
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increased cumulative depths revealed positive correlation between EC and citrus production 

(Table 4-1) and positive correlation between EC and HCP (Table 4-1), suggesting that the HCP 

can be used to describe the productivity of  citrus groves. Strong positive correlations (r ~ 0.83 to 

0.89) between organic matter and CEC indicated organic matter to be the major contributor of 

CEC. All the nutrients were also significantly positively correlated with organic matter except 

Mehlich I- extractable  Fe at 0-15 cm and oxalate-extractable Fe at 0-15 and 0-30 cm depths. The 

strong relationships between oxalate-extractable Al and organic matter (r = 0.699 to 0.877) 

indicated the association of adsorbed organic matter with amorphous oxides (Joo et al., 2008). 

The relationships of oxalate-extractable Al with CEC (r = 0.542 to 0.711) implied the 

contribution of sand grain coatings to CEC, directly, by the increased surface area and indirectly 

by associated organic matter. Oxalate-extractable Al and Mehlich I-extractable P were strongly 

positively correlated (r ~ 0.65 to 0.87) due to the greater retention of P on coatings of sand grains 

that are composed of kaolinite, hydroxyl interlayer vermiculite, gibbsite, and/or Fe 

oxyhydroxides (Harris et al., 1996). Coated sands have been found to retain more Mehlich I-

extractable P compared with uncoated sands (Brown and Sartain, 2000). Elrashidi et al. (2001) 

also correlated the distribution of P and Al (r = 0.81 to 0.97) in the soil profile of soils under 

citrus production. 

The correlation matrix of soil physical properties (Table 4-5) showed that lightness, L* 

was strongly positively correlated with sand content (r ~ 0.60 to 0.76) and saturated hydraulic 

conductivity (r ~ 0.50 to 0.82) at different cumulative depths. High sand content due to the large 

number of macropores and high hydraulic conductivity is responsible for low moisture content in 

the poor areas of the grove, and the low moisture content may be responsible for lightness of the 

soil color (Lobell and Asner, 2002). Secondly, high sand contents are generally associated with 



 

169 

the higher landscape positions of a field. The higher landscape positions contain less fine 

particles and organic matter due to their redistribution to the lower positions, and low organic 

matter is also responsible for the lightness of soils. Lightness was negatively correlated with silt, 

clay and volumetric water content at PWP. Soil color lightness is positively correlated with sand 

and negatively with CEC, clay, oxalate-extractable Fe and Al (Sanchez-Maranon et al., 1997). 

The relationships of soil physical properties important for citrus production (Table 4-2) with the 

easily measured color parameter L* emphasized its application in mapping the productivity of 

variable fields (Fleming et al., 2004; Hornung et al., 2006).   

The positive relationship of sand content with saturated hydraulic conductivity, its negative 

relationship with volumetric water contents at FC, PWP and WHC, and strong negative 

relationships of saturated hydraulic conductivity with volumetric water content at FC and WHC 

indicated that coarseness of the soils is limiting the water content and water retention. 

Comparing the negative relationship of sand content with citrus production (Table 4-2) and its 

negative relationship with soil water content revealed that water content plays a prime role in 

citrus production. The variation in soil texture can explain a large variation in plant available 

water (Jabro et al., 2006) and the variation in the plant available water is suggested to be the 

primary factor controlling the yield variability (Oliver et al., 2006; Green et al. 2007). Among 

sand size fractions, coarse and medium fractions were positively correlated with each other, but 

negatively to the fine fraction. 

For the correlation matrix of soil microbiological properties and organic matter (Table 4-

6), only phosphatase activity was significantly correlated with organic matter at both depths. The 

activities of phosphatase and glucosidase were correlated with each other at both. Organic matter 

serves as an energy source for soil microorganisms, affects the enzymatic activity significantly 
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(Deng and Tabatabai 1997; Tejada and Gonzalez, 2007), and is correlated with the enzymatic 

activity (Taylor et al., 2002; Wang and Lu, 2006). 

Correlation analysis of selected soil chemical and physical properties at four depths (Table 

4-7) exhibited negative relationships between lightness (L*) and all the soil chemical properties 

at each cumulative depth. The soil color was lighter in the areas of poor productivity having low 

organic matter content. The low productivity is itself responsible for low organic matter content 

due the low organic matter input. However, the relationships of these soil properties were 

positive with a* and b*. The parameter of yellow/blue scale (b*) was positively correlated with 

oxalate-extractable Al and Mehlich I-extractable P, signifying the color parameter b* as the 

indicator of amorphous coatings on sand grains and high P retention. Looking at the coefficients 

of correlation between different particle sizes and soil chemical properties, sand content was 

negatively and silt content positively correlated with these chemical properties, because the 

coarse sand grains retain less nutrients due to their smaller surface area per unit volume. 

 Volumetric water content at PWP was strongly positively correlated with organic matter (r 

~ 0.83 to 0.92) at different cumulative depths, emphasizing the important role of organic matter 

in water retention. The effect of organic matter in soil water retention is more pronounced in 

coarse textured soils (Bouyoucos, 1939; Bauer and Black, 1981). The results of correlation 

analysis for other soil properties are presented in Appendix Table A-3 and A-4.  

Stepwise Multiple Linear Regression Analysis 

The contribution of soil chemical and physical properties to the variability in citrus yield 

and canopy volume was evaluated by stepwise multiple linear regression analysis of soil 

properties using each depth interval and the mean depth. 

Among chemical properties (Table 4-8), organic matter contributed about 36 to 53% to 

yield and 35 to 58% to canopy volume. This contribution increased with the addition of 
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subsequent depth intervals with maximum percent increase in R2 values up to the 30-45 cm 

depth interval. The contribution of CEC to the variability in yield ranged from about 27 to 51%, 

and this contributed approximately 32 to 73% to the canopy volume. The high R2 values for CEC 

compared with organic matter for the variability in canopy volume can be attributed to the 

contribution of both organic matter and oxalate-extractable Al to the CEC of these soils.  

Oxalate-extractable Al explained about 42 to 60% variability in yield and approximately 

42 to 68% variability in canopy volume. Looking at the variability explained by Mehlich I-

extractable nutrients, P had the maximum contribution, followed by Ca, K, and Mg. Phosphorus 

is generally not applied to citrus groves unless the 0-15 cm layer shows its deficiency (Obreza et 

al., 2008b). The increased contribution of P to the citrus production at the subsequent depth 

intervals suggested the need for deeper soil sampling for fertilizer recommendations.  

For soil physical properties (Table 4-9), out of the color parameters, lightness (L*) had the 

highest contribution, followed by yellow/blue (b*) and red/green (a*) parameters. This 

contribution was low at the surface, but increased greatly by the additional subsurface depths. 

Sand and silt contents had similar contributions to yield and canopy volume, as these soils 

contain very low clay content (Chapter 3, Table 3-11). At the average of four depths, sand (R2 ~ 

0.42) and silt (R2 ~ 0.44) could explain a large variability in canopy volume, but this contribution 

was low towards the yield. Of the various sand size fractions, the medium and fine fractions 

showed significant contributions to yield and canopy volume variability. These contributions 

increased with the addition of subsequent depth intervals, and were highest by the addition of 

four depths. Saturated hydraulic conductivity contributed significantly (R2 ~ 0.58) to canopy 

volume at mean depth. Volumetric water content at PWP had a large effect on the variability of 

citrus production, with R2 ranging from approximately 0.15 to 0.51 for yield and from about 0.21 
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to 0.70 for canopy volume by the addition of subsequent depth intervals. Volumetric water 

contents at FC and WHC contributed significantly to canopy volume at 0-15 and 0-60 cm depths.   

The significant contribution of soil properties to crop production variability is due to the 

combined effect of these soil properties. Clay content, exchangeable Ca, N, P, and Zn contribute 

significantly to citrus grove efficiency (grove productivity per unit area and time) (Srivastava 

and Singh, 2007). Organic matter has a major influence on CEC (Oorts et al., 2003) and soil 

water retention (Shatar and Mcbratney, 1999; Olness and Archer, 2005). Texture influences 

productivity due to its large effect on soil water content (Mzuku et al., 2005; Ersahin and Brohi, 

2006; Kvaerno et al., 2007). Iqbal et al. (2005) quantified the relationship between cotton lint 

yield and soil physical properties, and reported that volumetric water content at saturation, 

volumetric water content at soil water potential of -0.001 MPa, and sand content contributed 

65% of the yield variability. Sand content alone explained 58% variability in the yield. Water 

retention at 0.01 and 0.0345 MPa is significantly affected by the fine and very fine sand 

fractions, but water retention at 1.5 MPa is affected by clay content (Sodek et al., 1991).  

The greatest contribution to yield and canopy volume variability was explained by organic 

matter, CEC, Mehlich I-extractable P, oxalate-extractable Al, sand, silt and water content at 

PWP. This contribution increased with increased depth.   

Partial Least Squares (PLS) Regression Analysis  

For the results of PLS regression analysis, the percent contribution of the latent vector to 

soil properties (independent variables), yield and canopy volume (dependent variables) is 

presented in Table 4-10. The latent vector explained about 46 to 62% of the variance in soil 

properties. This variance explained by the latent vector increased for the soil properties at 

increased cumulative depths, with maximum percentage increase up to the 0-45 cm depth. The 

variance explained by the latent vector or the predictive regression model to yield was 
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approximately 45 to 58% and this variance was about 54 to 71% for canopy volume. This 

variance also increased with the increased root zone depth, and the maximum percentage 

increase (~ 13%) for both citrus yield and canopy volume occurred at the 0-45 cm depth. The 

latent vector selected for this model explained more variance in citrus tree canopy volume 

compared with the yield, possibly due to the lower accuracy of yield-monitoring systems 

compared with the ultrasonically-measured tree canopy volume. Yield-monitoring systems 

gather yield data from multiple trees rather than from each individual tree and the number of 

trees is not necessarily the same for each tub, whose position is located by GPS, therefore giving 

an average approximation of spatially variable fruit production, whereas canopy volume is a 

more precise measurement of the size of each tree. 

The soil properties with maximum contribution to the latent vector were organic matter, 

CEC, Mehlich I-extractable P and Ca, oxalate-extractable Al, sand and silt contents, and soil 

PWP. The contributions of these soil properties to the latent vector increased with depth. For soil 

properties, the maximum percentage increase was observed up to the 0-45 cm depth. Factor 

loadings of these soil properties for the latent vector (Table 4-11) revealed that L*, sand content 

and medium sand fractions had a negative effect on yield and canopy volume, whereas all the 

other soil properties had a positive effect. The regression estimates of the soil properties (Table 

4-12) used in the predictive model also demonstrated the negative role of lightness L*, sand and 

medium sand fraction in predicting citrus yield or canopy volume. 

When comparing the observed yield and canopy volume to the values predicted from soil 

properties at four cumulative depths using PLS regression (Table 4-13), it was found that the 

regression model could successfully predict the citrus production parameters. The canopy 

volume was better predicted from these soil properties compared with yield. Looking at the 
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predicted yield and canopy volume for the very poor productivity zone, highest predicted values 

were observed when the soil properties at 0-15 cm depth were used, but these predicted values 

decreased as the cumulative depth increased. The yield in the poor areas of grove was over 

predicted when only the variations in soil properties of the top 15 cm layer were used. However a 

more realistic prediction was observed by including soil properties up to 60 cm depth. This 

suggested that the yield in the very poor productivity zone is limited to shallow depths and the 

low fertility at greater soil depths. In contrary, the predicted yield or canopy volume for the other 

four zones remained almost constant with increasing cumulative depths.  These results agree 

with the results of soil chemical and physical properties in chapter 3, where the differences in the 

five productivity zones with respect to soil properties were pronounced at the lower three depths.  

The strong relationship between citrus production and soil properties helped to develop the 

predictive models for citrus yield and canopy volume using the measured soil properties. These 

results also revealed the importance of cumulative root zone depth of 0-45 cm in defining the 

productivity of citrus groves. Although the relationships between soil properties and citrus 

production, and between the predicted and observed values of the regression model increased up 

to 0-60 cm, the percentage increase in r values were not large beyond 0-45 cm depth. Therefore, 

the root zone depth of 45 cm is suggested as the most important for testing for fertilizer 

recommendations of citrus groves. 

Cluster Analysis 

To observe patterns of natural productivity groups that exist in the grove due to the 

variations in soil properties at each cumulative depth, cluster analysis was performed. This 

analysis structures the data into the natural clusters without prior knowledge of the groups. 

Results of the cluster analysis are presented as dendrograms at four depths. A dendrogram 
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represents different clusters and the distinctness of the cluster from its closest neighbor. 

Distinctness is the distance between a node and a branch towards the X direction. 

At the 0-15 cm depth (Figure 4-1), the very poor productivity zone was found to fall in a 

different cluster but was mixed with the poor zone. The other four zones did not show specific 

clusters. However, the pattern of clusters differed at 0-30 cm depth (Figure 4-2). At this depth 

the very poor zone again occurred in its specific cluster and the poor zone was separated from it. 

The points from good and very good productivity zones also started clustering. At the 0-45 cm 

depth (Figure 4-3), the clustering of the very poor zone was similar to the upper two depths, but 

it had maximum distinctness from the clusters of the good and very good zones. Very poor and 

very good zones were structured at 0-60 cm depth (Figure 4-4), but poor, medium and good 

zones had mixed clusters. The results of cluster analysis could differentiate the clusters of very 

poor and very good zones. The poor zone could also be differentiated from the very poor zone at 

greater depths. 

Canonical Discriminant Function Analysis (DFA)  

Canonical DFA is a dimension reduction technique that extracts a set of linear 

combinations of the quantitative variables that best reveal the differences among groups 

(Fernandez, 2002).  The classification of groups by DFA is also affected by the collinearity. The 

problem of collinearity leads to the instability of small eigenvalues and their corresponding 

eigenvectors, but using only a few principal components having large eigenvalues for the 

classification rule can overcome collinearity and give good results for the classification (Naes 

and Mevik, 2001).  DFA can also be used to differentiate different soil series based on variations 

in soil properties (Goel and Gaikawad, 1973). Canonical discriminant function analysis was 

performed to determine the soil properties responsible for discriminating the five productivity 

zones. 
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The percentage variation explained by the canonicals and the contribution of different soil 

properties to these canonicals are presented in Table 4-14.  In discriminant function analysis, 

canonical I provide the most overall discrimination between the groups. The structure 

coefficients or discriminant loadings describe the simple correlations between the variables and 

the discriminant functions. 

At 0-15 cm depth, canonical I contributed 94.4% to the productivity zone discrimination. 

Looking at the contribution of different soil properties to the discriminant function, the greatest 

contribution was due to organic matter, CEC, Mehlich I-extractable P, oxalate-extractable Al, 

volumetric water content at PWP, sand content, silt content, medium and fine sand size fractions. 

When the individual scores were plotted (Figure 4-5) two major clusters were found, indicating 

that the canonical I discriminated the very poor productivity zone from the other four zones. The 

position of the very poor zone towards the decreasing values of canonical I and the negative 

coefficients of lightness, sand content, coarse and medium sand fractions suggested that the very 

poor zone was separated from other zones due to its light color and coarse texture. The positions 

of the other four zones towards increasing values of canonical I and positive coefficients of other 

soil properties suggested that the areas of high productivity could be differentiated due to their 

dark color, high nutrient and organic matter contents, and fine texture. Within the upper four 

zones, good and very good zones were clustered towards the increasing and positive scores of 

canonical I. Poor and medium zones were clustered close to smaller values of the canonical I 

scores. 

Although canonical II contributed only 2.4% to the discrimination of productivity zones, 

nevertheless this canonical could differentiate the upper four zones. It could discriminate the 

very good zone from the other three zones. Canonical II did not show any contribution to the 
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position of the very poor zone, as the points for this zone were equally scattered along the 

canonical II axis. The lightness L*, yellow/blue scale b*, coarse, medium and fine sand fractions 

had large contributions towards canonical II. These soil properties could discriminate the poor, 

medium, good and very good productivity zones. Lightness (L*), b*, coarse and medium sand 

fractions had positive coefficients, while coefficients were negative for the fine sand fraction. 

The cluster of the very good productivity zone occurred towards the negative values of canonical 

II. The position of the very good zone with positive coefficients of L*, coarse and medium sand 

fractions, and negative coefficients of fine sand fraction confirmed that the very good zone was 

dark in color and fine in texture. On the other hand, coarse and medium sand fractions dominated 

the poor, medium and good zones. 

At 0-30 cm depth, canonical I had 82.4% contribution to group discrimination. Within 

canonical I the contribution of some soil properties increased at this depth interval. At this depth, 

the maximum contribution was from organic matter, CEC, Mehlich I-extractable  P, K and Ca, 

oxalate-extractable Al, b*, volumetric water content at PWP, silt content, and fine sand fraction, 

as indicated by their large positive coefficients. Lightness, sand content and medium sand 

fraction also contributed to the discrimination between the productivity zones at 0-30 cm depth 

as indicated by their large negative coefficients.  

Visualizing the biplots of canonical I and canonical II (Figure 4-6), revealed that the very 

poor productivity zone was separated from the other zones similar to the 0-15 cm depth. The 

poor, medium and good productivity zones were clustered together, but separated from the very 

good zone. The clusters of poor and medium productivity zones moved towards the decreasing 

values of canonical I, suggesting decreased organic matter, nutritional status, darkness and fine 

soil particles at the subsurface. The good zone still occurred along the positive side of canonical I 
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and was similar to the very good zone. About 12% was contributed by canonical II to this 

discrimination. The coarse and medium sand fractions had positive and large structure 

coefficients. The cluster of poor, medium and good zones could be separated from the very good 

zone based on canonical II, as these three zones had coarser sand size fractions.  

At 0-45 cm depth, canonical I contributed 84% to the discrimination, and the contribution 

of all the soil properties remained similar to the 0-30 cm depth, except that coefficients for b*  

increased and the medium sand fraction decreased . Examination of the plot of canonicals 

(Figure 4-7) showed that very poor and very good zones had a large separation distance along the 

canonical I axis. The zones of poor, medium and good productivity were clustered together and 

were separated from the very good zone. This separation was greater than at 0-15 and 0-30 cm 

depths. Canonical II contributed 14% to the group discrimination and the contribution of soil 

properties was in a similar direction, but to a decreased extent compared with canonical I.  This 

canonical could also discriminate the very poor zone from the poor, medium and good zones. 

The clustering suggested that the high fertility and fine texture of poor, medium and good zones 

separated them from the very poor zone, as depicted by the large negative values of total sand, 

coarse sand and medium sand, and positive values of the fine sand fraction.  

Canonical I contributed 85.4% to discriminate the productivity zones at 0-60 cm depth. 

Looking at the structure coefficients of canonical I, all the values increased compared with the 

values at the previous three depths. At this depth, oxalate-extractable Al had maximum 

contribution, followed by organic matter, Mehlich I-extractable P and other soil properties. The 

plots of canonicals (Figure 4-8) showed three different clusters for the very poor zone, poor and 

medium zones, and good and very good zones. These clusters were separated along the axis of 

canonical I. As observed at the depth of 0-45 cm, the position of good zone was changed at 0-60 
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cm depth. The good zone was separated from the poor and medium zones and it was clustered 

with the very good zone. The contribution to this separation of zones was 9.2% by canonical II. 

Within canonical II, the greatest contribution was by coarse and medium sand fractions, and it 

could separate the cluster of poor and medium zones from the cluster of good and very good 

zones. 

Visualizing the biplots at four depths, the positions of clusters showed a very interesting 

pattern. The cluster of poor, medium, good and very good zones at 0-15 cm depth was separated 

into two clusters at the other three depths. At 0-30 and 0-45 cm depths poor, medium and good 

zones were discriminated from the very good productivity zone. Exploring further the effect of 

depth in this discrimination, the good productivity zone was separated from the poor and 

medium zones at 0-60 cm depth. At this depth, the good productivity zone was clustered with the 

very good zone. 

The results reflected the strong relationships between citrus production and soil properties. 

These relationships could be used to develop the predictive models for citrus yield and canopy 

volume at different depths. The predictions for yield and canopy volume using the measured soil 

properties can be used for site specific management of the citrus groves. The results also 

demonstrated the important role of the 45 cm deep root zone in defining the productivity of citrus 

groves. 

Summary and Conclusions 

The relationships between citrus production and soil properties were studied using various 

statistical techniques. Four cumulative depths (0-15, 0-30, 0-45 and 0-60 cm) were used for all 

analyses to determine the root zone depth imparting the maximum contribution to citrus 

production. 
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The relationships between citrus grove description parameters and soil properties, and 

within soil properties were evaluated using correlation analysis. The contribution of various soil 

properties to the variability in yield and canopy volume was determined using stepwise multiple 

linear regression analysis for data at four depths. Based on the major yield limiting soil 

properties, predictive models for citrus yield and canopy volume were developed using PLS 

regression analysis. The variance explained by the predictive models was approximately 45 to 

58% for yield and about 54 to 71% for canopy volume. This variance increased with increasing 

root zone depth. The DFA was used to determine the soil properties responsible for 

discriminating between the productivity zones of the citrus grove.  

The results of this work illustrate the important role of organic matter, Al oxide coatings 

on sand grains, differences in sand and silt contents, volumetric water content at PWP, and the 

medium and fine sand fractions in differentiating productivity of citrus groves. All these soil 

properties have a combined effect on the nutrient and water retention of the soil. The major 

contribution of soil organic matter and different particle and sand size fractions to variations in 

citrus yield and canopy volume suggested soil water retention to be the major yield-limiting 

factor. Secondly, the results of PLS revealed that the probability of collecting representative soil 

samples from the poor areas of the grove at 0-15 cm layer is very low, because the realistic 

prediction of the yields in these areas were observed using the soil properties up to 60 cm depth. 

Therefore, these results signified that greater root zone depths could better explain the 

differential productivity of citrus groves compared with the 0-15 cm layer. Therefore, the root 

zone depth used for fertilizer and irrigation recommendations should be at least 45 cm and 

preferably 60 cm for better prediction of citrus production. 
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Relationships between crop production and soil properties could help to identify major 

yield-limiting soil properties, based on which predictive models could be developed for citrus 

yield and canopy volume. These predictive models can be used for site specific management of 

citrus groves with variable tree growth. 
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Table 4-1. Relationship between various parameters used to describe the citrus grove and soil 
chemical properties at four cumulative depths. 

 Yield CV‡ NDVI§ Elevation HCP¶ PRP# 

0-15 cm 
pH -0.200NS† -0.053 NS -0.109 NS -0.154 NS -0.0249 NS  0.285 NS 
EC  0.308 NS  0.422 * 0.431 * -0.163 NS  0.466 **  0.421 * 
OM    0.597**  0.586** 0.722*** -0.391*  0.839***  0.522** 
CEC  0.515**  0.568** 0.649*** -0.365*  0.847***  0.526** 
Mehlich I-extractable nutrients 
P  0.480**  0.500** 0.554* -0.048 NS  0.540**  0.265 NS 
K  0.382*  0.333 NS 0.470* -0.265 NS  0.592**  0.339 NS 
Mg  0.160 NS  0.083 NS 0.254 NS -0.285 NS  0.515**  0.322 NS 
Ca  0.467**  0.507** 0.601** -0.214 NS  0.766***  0.536** 
Mn  0.223 NS   0.060 NS 0.141 NS 0.265 NS  0.318 NS  0.037 NS 
Fe -0.102 NS -0.213 NS -0.119 NS 0.412* -0.146 NS -0.282 NS 
Oxalate-extractable nutrients 
Fe -0.106 NS -0.157 NS -0.030 NS 0.281 NS  0.103 NS -0.135 NS 
Al  0.647**   0.642**  0.774*** -0.287 NS  0.609**   0.247 NS 

0-30 cm 
pH -0.093 NS  0.091 NS -0.023 NS -0.233 NS -0.001 NS   0.283 NS 
EC  0.343 NS  0.417*  0.420* -0.159 NS  0.483 **   0.391* 
OM   0.625**  0.658***  0.777*** -0.409*  0.812***   0.514** 
CEC  0.598**  0.679***  0.735*** -0.452*  0.867***   0.594** 
Mehlich I-extractable nutrients 
P  0.586**  0.651***  0.689*** -0.194  0.572**   0.322 NS 
K  0.515**  0.519**  0.618*** -0.378*  0.652***   0.404* 
Mg  0.275 NS  0.248 NS  0.374* -0.382*  0.609**   0.437* 
Ca  0.524**  0.628**  0.662*** -0.298 NS  0.776***   0.605** 
Mn  0.219 NS  0.069 NS  0.160 NS  0.224 NS  0.383*   0.056 NS 
Fe  0.175 NS  0.126 NS  0.238 NS  0.295 NS  0.059 NS  -0.211 NS 
Oxalate-extractable nutrients  
Fe  0.073 NS  0.050 NS  0.180 NS  0.176 NS  0.213 NS  -0.082 NS 
Al  0.633**  0.626**  0.741*** -0.248 NS  0.543**   0.187 NS 
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Table 4-1. Continued. 
 Yield CV‡ NDVI§ Elevation HCP¶ PRP# 

0-45 cm 
pH -0.045 NS 0.126 NS -0.023 NS -0.203 NS 0.016 NS   0.263 NS 
EC  0.373* 0.429 *  0.422 * -0.157 NS 0.498 NS   0.375 * 
OM  0.660*** 0.706***  0.808*** -0.427* 0.802***   0.525** 
CEC  0.660*** 0.761***  0.804*** -0.538** 0.867***   0.664*** 
Mehlich I-extractable nutrients  
P  0.683*** 0.754***  0.781*** -0.323 NS 0.591**   0.411* 
K  0.585** 0.600**  0.676*** -0.395* 0.667***   0.439* 
Mg  0.390* 0.415*  0.501 ** -0.445* 0.682***   0.574** 
Ca  0.563** 0.693***  0.690*** -0.431* 0.762***   0.642*** 
Mn  0.208 NS 0.059 NS  0.158 NS  0.236 NS 0.387**   0.060 NS 
Fe  0.303 NS 0.280 NS  0.363 *  0.208 NS 0.113 NS -0.168 NS 
Oxalate-extractable nutrients 
Fe  0.179 NS 0.188 NS  0.309 NS  0.097 NS 0.236 NS -0.044 NS 
Al  0.682*** 0.701***  0.805*** -0.326 NS 0.595**   0.279 NS 

0-60 cm 
pH -0.060 NS 0.117 NS -0.033 NS -0.198 NS -0.006 NS  0.252 NS 
EC  0.377 * 0.451*  0.411 * -0.104 NS  0.490**  0.292 NS 
OM   0.699*** 0.734***  0.831*** -0.478**  0.797***  0.558** 
CEC  0.685*** 0.797***  0.832*** -0.596***  0.863***  0.709*** 
Mehlich I-extractable nutrients 
P  0.754*** 0.821***  0.839*** -0.431* 0.605**  0.482** 
K  0.586** 0.601**  0.680*** -0.397* 0.653***  0.427* 
Mg  0.438* 0.482**  0.543** -0.483** 0.687***  0.615** 
Ca  0.582** 0.718***  0.698*** -0.481** 0.754***  0.664*** 
Mn  0.215 NS 0.055 NS  0.178 NS  0.257 NS 0.367*  0.055 NS 
Fe  0.322 NS 0.298 NS  0.388*  0.150 NS 0.100 NS -0.137 NS 
Oxalate-extractable nutrients 
Fe  0.231 NS 0.228 NS 0.342 NS  0.087 NS 0.236 NS -0.056 NS 
Al  0.721*** 0.736*** 0.829*** -0.371* 0.615**  0.320 NS 
† NS, nonsignificant at 0.05 probability level and *, **, *** significant at p< 0.05, 0.01 and 

0.001, respectively; n = 30. 
‡ Canopy Volume. 
§ Normalized difference vegetation index. 
¶ Ground conductivity at horizontal co-planar geometry. 
# Ground conductivity at perpendicular geometry. 
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Table 4-2. Relationship between various parameters used to describe the citrus grove and soil 
physical properties at four cumulative depths. 

 Yield CV‡ NDVI§ Elevation HCP¶ PRP# 

0-15 cm 
L* †† -0.250 NS† -0.337 NS -0.372*   0.335 NS -0.467* -0.407* 
a*††  0.427*  0.410*  0.428*  -0.315 NS  0.461*  0.381* 
b*††  0.447*  0.365*  0.381*   0.024 NS  0.312 NS  0.165 NS 
Particle size distribution 
Sand  -0.273 NS -0.399* -0.574*   0.630** -0.653*** -0.768*** 
Silt   0.410*  0.509***  0.680***  -0.648***  0.698***  0.666*** 
Clay  -0.240 NS -0.090 NS -0.081 NS  -0.203 NS  0.035 NS  0.252 NS 
Sand size distribution 
Very coarse -0.090 NS -0.120 NS -0.066 NS  -0.061 NS  0.110 NS  0.052 NS 
Coarse -0.249 NS -0.399* -0.242 NS   0.243 NS  0.023 NS -0.131 NS 
Medium -0.447* -0.617** -0.478**   0.399* -0.213 NS -0.431* 
Fine  0.479*  0.547*  0.454*  -0.469**  0.170 NS  0.206 NS 
Very fine -0.193 NS -0.146 NS -0.139 NS   0.224 NS -0.009 NS  0.024 NS 
Bulk density -0.352 NS -0.406 NS -0.170NS   0.732* -0.278 NS -0.171 NS 
Ksat -0.277 NS -0.604 NS -0.576NS   0.234 NS -0.545 NS -0.716* 
FC ‡‡  0.781 NS  0.907*  0.805 NS   0.175 NS  0.733 NS  0.925* 
PWP ‡‡  0.382*  0.461*  0.577*  -0.405*  0.815***  0.560** 
WHC ‡‡   0.718 NS  0.861 NS  0.757 NS  -0.878*  0.636 NS  0.853 NS 

0-30 cm 
L* †† -0.473* -0.569* -0.596*   0.418* -0.655*** -0.568* 
a*††  0.454*  0.427*  0.455* -0.338 NS  0.488*  0.364* 
b*††  0.545*  0.464*  0.521* -0.037 NS  0.442*  0.172NS 
Particle size distribution 
Sand -0.356NS -0.531* -0.670***  0.744*** -0.707*** -0.720*** 
Silt  0.366*  0.526**  0.670*** -0.743***  0.700***  0.745*** 
Clay  0.030 NS  0.241 NS  0.246 NS -0.380*  0.303 NS  0.386 * 
Sand size distribution 
Very coarse -0.220NS -0.233 NS -0.123 NS  0.072 NS  0.128 NS  0.054 NS 
Coarse -0.224 NS -0.394* -0.187 NS  0.222 NS  0.044 NS -0.050 NS 
Medium -0.461* -0.667*** -0.481**  0.463* -0.274 NS -0.422* 
Fine  0.475*  0.525*  0.458* -0.490*  0.236 NS  0.195 NS 
Very fine -0.275NS -0.218 NS -0.254 NS  0.284 NS -0.117 NS  0.022 NS 
Bulk density -0.481 NS -0.477 NS -0.380 NS  0.706*  -0.417 NS -0.162 NS 
Ksat -0.252 NS -0.547 NS -0.541 NS  0.213 NS -0.311 NS -0.821* 
FC ‡‡  0.838 NS  0.937*  0.727***  0.211 NS  0.692NS  0.888* 
PWP ‡‡  0.546*  0.639***  0.867 * -0.457*  0.805***  0.555*** 
WHC ‡‡   0.765 NS  0.886*  0.814 NS -0.895*  0.576NS                    0.834 NS 
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Table 4-2. Continued. 
 Yield CV‡ NDVI§ Elevation HCP¶ PRP# 

0-45 cm 
L* ††  -0.599**  -0.674*** -0.686***  0.458*   0.717***  -0.715*** 
a*††   0.527*   0.474*  0.507** -0.359*   0.490*   0.363* 
b*††   0.615**   0.562*  0.649*** -0.131 NS   0.523*   0.050NS 
Particle size distribution 
Sand -0.494* -0.682*** -0.792***   0.776***  -0.730*** -0.695*** 
Silt  0.549*  0.697***  0.813*** -0.764***   0.724***  0.715*** 
Clay  0.010 NS  0.203 NS  0.198 NS -0.276 NS   0.216 NS  0.326 NS 
Sand size distribution 
Very coarse -0.193NS -0.197 NS -0.085 NS  0.073 NS   0.185 NS  0.176 NS 
Coarse -0.168 NS -0.316 NS -0.072 NS  0.204 NS   0.147 NS -0.222 NS 
Medium -0.402* -0.582* -0.377*  0.428*  -0.226 NS -0.415* 
Fine  0.431*  0.454*  0.383* -0.459*   0.194NS  0.223NS 
Very fine -0.254NS -0.173NS -0.216 NS  0.249 NS  -0.090NS  0.077NS 
Bulk density -0.517* -0.514* -0.340 NS  0.759*  -0.418NS -0.293NS 
Ksat -0.444NS -0.710* -0.711*  0.239 NS  -0.431NS -0.651NS 
FC ‡‡  0.817NS  0.931*  0.833***  0.240 NS   0.687NS  0.907* 
PWP ‡‡  0.619**  0.751***  0.850 * -0.600**   0.817***  0.650* 
WHC ‡‡   0.767NS  0.891*  0.814 NS -0.906*   0.591NS  0.852NS 

0-60 cm 
L* †† -0.654*** -0.738*** -0.751***  0.562** -0.686*** -0.715*** 
a*††   0.578**  0.486*  0.522*** -0.351 NS  0.505*  0.394* 
b*††   0.617**  0.583***  0.667*** -0.131 NS  0.542* -0.090NS 
Particle size distribution 
Sand -0.478** -0.646*** -0.770***  0.727*** -0.735*** -0.759*** 
Silt  0.543*  0.662***  0.793*** -0.714***  0.723***  0.656*** 
Clay  0.014 NS  0.214 NS  0.216 NS -0.274 NS  0.250 NS  0.345 NS 
Sand size distribution 
Very coarse -0.172NS -0.202NS -0.075 NS  0.0627 NS  0.170NS  0.040NS 
Coarse -0.151NS -0.262NS -0.020 NS  0.171 NS  0.213NS -0.189NS 
Medium -0.420* -0.583** -0.382*  0.436* -0.217NS -0.464* 
Fine  0.445*  0.458*  0.390* -0.465**  0.195NS  0.256NS 
Very fine -0.284NS -0.210NS -0.242 NS  0.271 NS -0.105NS -0.030NS 
Bulk density -0.550* -0.545* -0.350 NS  0.758* -0.462NS -0.201NS 
Ksat -0.517NS -0.763* -0.745 NS  0.228 NS -0.544NS -0.623NS 
FC ‡‡  0.879*  0.958*  0.905 *  0.228 NS  0.706NS  0.879* 
PWP ‡‡  0.686***  0.814***  0.858*** -0.636***  0.791***  0.686* 
WHC ‡‡   0.818NS  0.917*  0.862 NS -0.918*  0.617NS  0.837NS 
† NS, nonsignificant at 0.05 probability level and *, **, *** significant at p< 0.05, 0.01 and 

0.001, respectively; n = 30, except Ksat and Bulk density (n = 10) and FC and WHC (n = 5).      
‡ Canopy Volume; § Normalized difference vegetation index; ¶ Ground conductivity at horizontal 

co-planar geometry; # Ground conductivity at perpendicular geometry; †† Soil color parameters 
L*, lightness; a*, red green scale; b*, yellow blue scale; ‡‡ Volumetric water contents at field 
capacity, permanent wilting point and water holding capacity. 
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Table 4-3. Relationship between various parameters used to describe the citrus grove and soil 
microbiological properties at two cumulative depths. 

† NS, nonsignificant at 0.05 probability level and *, **, *** significant at p< 0.05, 0.01 and 
0.001, respectively; n = 30. 

‡ Canopy Volume. 
§ Normalized difference vegetation index. 
¶ Ground conductivity at horizontal co-planar geometry. 
# Ground conductivity at perpendicular geometry. 
†† Average well color development. 

 
 

Soil property Yield CV‡ NDVI§ Elevation HCP¶ PRP# 

0-15 cm 
AWCD††  0.243NS† 0.265NS  0.158NS -0.297 NS  0.06NS -0.012NS 
Enzymatic activity 
β-Glucosidase  0.209 NS 0.343 NS  0.296 NS -0.311 NS  0.412*  0.402* 
Xylosidase -0.057 NS 0.058 NS -0.002 NS  0.033 NS -0.142 NS -0.061 NS 
Phosphatase  0.285 NS 0.384*  0.471** -0.405*  0.479**  0.559** 

0-30 cm 
AWCD††  0.329NS 0.338NS  0.371* -0.297 NS  0.240NS  0.110NS 
Enzymatic activity  
β-Glucosidase  0.260 NS 0.360*  0.313 NS -0.330 NS  0.418*  0.404* 
Xylosidase  0.011 NS 0.095 NS -0.007 NS  0.027 NS -0.186 NS -0.085 NS 
Phosphatase  0.264 NS 0.371*  0.466* -0.407*  0.536*  0.605** 
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Table 4-4. Correlation matrix of soil chemical properties of the citrus grove at four cumulative depths. 

 
 
 

 
EC 

 
OM 

  
CEC 

 
Mehlich I-extractable nutrients Oxalate-extractable nutrients ¶ 

P K Mg Ca Mn Fe Fe Al 
0-15 (cm) 

pH -0.095† -0.183   0.057 0.0003 -0.082   0.150   0.113 -0.045 -0.219 -0.036 -0.322 
  0.619‡  0.333   0.766 0.999   0.667   0.430   0.551   0.813   0.245  0.851   0.083 
EC   0.524   0.464 0.483   0.464   0.103   0.467   0.161   0.147  0.427   0.475 
   0.003   0.010 0.007   0.010   0.587   0.009   0.395   0.437  0.019   0.008 
OM     0.833 0.553   0.770   0.613   0.820   0.381 -0.076  0.241   0.699 
   <.0001 0.002 <.0001   0.0003 <.0001   0.038   0.691  0.199 <.0001 
CEC    0.622   0.606   0.652   0.902   0.432 -0.087  0.188   0.542 
    0.001   0.001 <.0001 <.0001   0.017   0.648  0.319   0.002 
P§       0.496   0.126   0.652   0.481   0.488  0.451   0.649 
       0.005   0.508 <.0001   0.007   0.006  0.012   0.0001 
K§        0.593   0.625   0.301 -0.081  0.422   0.563 
        0.001   0.001   0.106   0.672  0.020   0.001 
Mg§        0.699   0.494 -0.182  0.242   0.120 
       <.0001   0.006   0.335  0.198   0.528 
Ca§          0.643   0.002  0.292   0.417 
          0.001   0.990  0.117   0.022 
Mn§           0.424  0.429   0.059 
           0.020  0.018   0.757 
Fe§           0.575   0.194 
           0.001   0.303 
Fe¶             0.332 
             0.073 
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Table 4-4. Continued. 

 
EC 

 
OM 

  
CEC 

 
Mehlich I-extractable nutrients Oxalate-extractable nutrients¶ 

P K Mg Ca Mn Fe Fe Al 
0-30 (cm) 

pH -0.068† -0.169  0.128  0.025 -0.195  0.217  0.306 0.124 -0.280 -0.167 -0.409 
  0.721‡  0.372  0.501  0.895  0.303  0.250  0.100 0.514  0.134  0.377  0.025 
EC   0.600  0.630  0.606  0.596  0.276  0.575 0.167  0.385  0.514  0.493 
   0.001  0.001  0.001  0.001  0.140  0.001 0.377  0.036  0.004  0.006 
OM    0.890  0.749  0.811  0.606  0.772 0.276  0.324  0.397  0.783 
   <.0001 <.0001 <.0001  0.0004 <.0001 0.140  0.081  0.030 <.0001 
CEC     0.746  0.681  0.695  0.931 0.399  0.250  0.296  0.577 
    <.0001 <.0001 <.0001 <.0001 0.029  0.183  0.112  0.001 
P§      0.629  0.267  0.696 0.359  0.648  0.430  0.759 
      0.001  0.153 <.0001 0.052  0.001  0.018 <.0001 
K§       0.516  0.552 0.161  0.199  0.474  0.705 
       0.004  0.002 0.396  0.293  0.008 <.0001 
Mg§        0.727 0.543 -0.034  0.226  0.139 
       <.0001 0.002  0.857  0.229  0.463 
Ca§        0.563  0.183  0.251  0.387 
        0.001  0.333  0.181  0.035 
Mn§          0.304  0.307  0.060 
          0.103  0.099  0.752 
Fe§           0.662  0.605 
          <.0001  0.0004 
Fe¶            0.543 
            0.002 
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Table 4-4. Continued. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
EC 

 
OM 

  
CEC 

 
Mehlich I-extractable nutrients Oxalate-extractable nutrients¶ 

P K Mg Ca Mn Fe Fe Al 
0-45 (cm) 

pH 0.008 -0.185 0.176 0.007 -0.219 0.260 0.400 0.142 -0.310 -0.221 -0.363 
 0.966 0.328 0.352 0.969 0.244 0.166 0.029 0.453 0.096  0.242  0.049 
EC  0.655 0.660 0.654 0.634 0.377 0.599 0.196 0.498  0.543  0.528 
  <.0001 <.0001 <.0001 0.0002 0.040 0.001 0.298 0.005  0.002  0.003 
OM   0.891 0.799 0.851 0.613 0.729 0.198 0.450  0.455  0.853 
   <.0001 <.0001 <.0001 0.0003 <.0001 0.295 0.013  0.012 <.0001 
CEC    0.797 0.721 0.755 0.930 0.306 0.289  0.280  0.678 
    <.0001 <.0001 <.0001 <.0001 0.100 0.121  0.134 <.0001 
P§     0.706 0.353 0.700 0.194 0.601  0.407  0.849 
     <.0001 0.056 <.0001 0.303 0.0004  0.026 <.0001 
K§      0.486 0.543 0.079 0.353  0.516  0.771 
      0.007 0.002 0.678 0.056  0.004 <.0001 
Mg§       0.794 0.454 -0.074  0.098  0.246 
       <.0001 0.012 0.696  0.607  0.190 
Ca§        0.458 0.162  0.188  0.460 
        0.011 0.392  0.319  0.011 
Mn§         0.158  0.209  0.053 
         0.403  0.267  0.781 
Fe§           0.733  0.660 
          <.0001 <.0001 
Fe¶            0.562 
           0.001 
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Table 4-4. Continued. 

 
EC 

 
OM 

 
CEC 

 
Mehlich I-extractable nutrients Oxalate-extractable nutrients ¶1 

P K Mg Ca Mn Fe Fe Al 
0-60 (cm) 

pH -0.041 -0.214 0.151 0.012 -0.251 0.246 0.412 0.104 -0.359 -0.273 -0.348 
 0.830 0.257 0.427 0.950 0.181 0.190 0.024 0.586 0.051 0.144 0.059 
EC  0.634 0.623 0.613 0.637 0.394 0.572 0.227 0.519 0.562 0.547 
  0.0002 0.0002 0.0003 0.0002 0.031 0.001 0.227 0.003 0.001 0.002 
OM   0.892 0.823 0.837 0.617 0.705 0.160 0.474 0.458 0.877 
   <.0001 <.0001 <.0001 0.0003 <.0001 0.399 0.008 0.011 <.0001 
CEC    0.829 0.700 0.776 0.918 0.227 0.255 0.256 0.711 
    <.0001 <.0001 <.0001 <.0001 0.227 0.175 0.172 <.0001 
P§     0.685 0.446 0.708 0.141 0.522 0.380 0.867 
     <.0001 0.014 <.0001 0.457 0.003 0.038 <.0001 
K§      0.465 0.486 0.049 0.423 0.563 0.776 
      0.010 0.007 0.799 0.020 0.001 <.0001 
Mg§       0.826 0.403 -0.039 0.068 0.302 
       <.0001 0.027 0.837 0.721 0.105 
Ca§        0.388 0.121 0.146 0.474 
        0.034 0.524 0.441 0.008 
Mn§         0.138 0.187 0.075 
         0.466 0.323 0.695 
Fe§          0.765 0.630 
          <.0001 0.0002 
Fe¶           0.575 
           0.001 

† Correlation coefficient (r); n = 30. 
‡  Prob > r.     
§ Mehlich I-extractable nutrients. 
¶ Oxalate-extractable nutrients. 
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Table 4-5. Correlation matrix of soil physical properties of the citrus grove at four cumulative depths. 
 a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 

0-15 cm 
L*§ -0.367† 0.206  0.597 -0.552 -0.325  0.407  0.051  0.154 -0.080  0.030  0.563  0.124 -0.475 -0.540 -0.426 
 0.046‡ 0.275  0.001  0.002  .080  0.026  0.790  0.416  0.673  0.875  0.001  0.514  0.419  0.002  0.475 
a*§  0.583 -0.179  0.194  0.063 -0.143 -0.063 -0.201  0.026  0.185 -0.268  0.117  0.808  0.421  0.779 
  0.001  0.343  0.305  0.740  0.451  0.739  0.288  0.890  0.329  0.153  0.538  0.098  0.021  0.121 
b*§    0.204 -0.144 -0.087  0.030  0.040 -0.113  0.020  0.140  0.131  0.050  0.956  0.241  0.896 
    0.279  0.448  0.648  0.874  0.835  0.554  0.917  0.462  0.491  0.793  0.011  0.199  0.040 
Sand    -0.964 -0.327 -0.163  0.040  0.241 -0.236  0.133  0.464 -0.113 -0.769 -0.705 -0.714 
    <.0001  0.078  0.390  0.835  0.199  0.209  0.485  0.010  0.551  0.129 <.0001  0.176 
Silt      0.131  0.160 -0.058 -0.284  0.338 -0.214 -0.222  0.165  0.741  0.723  0.671 
      0.491  0.399  0.761  0.128  0.068  0.257  0.239  0.383  0.152 <.0001  0.215 
Clay      -0.248 -0.258 -0.262 -0.110  0.353 -0.472  0.070  0.205  0.142  0.287 
       0.186  0.168  0.162  0.563  0.056  0.009  0.711  0.741  0.456  0.640 
VC¶        0.190  0.181 -0.141  0.062  0.297  0.262  0.163  0.138  0.238 
        0.313  0.338  0.457  0.746  0.111  0.161  0.793  0.467  0.700 
C¶         0.889 -0.568 -0.139  0.293  0.230 -0.535  0.100 -0.479 
        <.0001  0.001  0.464  0.116  0.222  0.353  0.601  0.414 
M¶         -0.617 -0.158  0.360  0.254 -0.753 -0.212 -0.713 
          0.0003  0.404  0.051  0.176  0.142  0.260  0.176 
F¶          -0.653 -0.359 -0.231  0.473  0.067  0.322 
          <.0001  0.051  0.219  0.421  0.726  0.597 
VF¶            0.162  0.052 -0.173  0.104 -0.022 
            0.393  0.784  0.781  0.583  0.972 
Ksat             0.373 -0.833 -0.226 -0.789 
             0.043  0.080  0.230  0.113 
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Table 4-5. Continued.  
 a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 
BD #              0.376  0.122  0.453 
              0.533  0.520  0.444 
FC††               0.526  0.985 
               0.362  0.002 
PWP††                0.451 
                0.446 

0-30 cm 
L*§ 0.389 -0.178  0.693 -0.680 -0.362   0.374  0.064  0.337 -0.061 -0.055  0.493  0.064 -0.394 -0.772 -0.422 
 0.034  0.347 <.0001 <.0001  0.050  0.042  0.737  0.069  0.749  0.771  0.006  0.735  0.512 <.0001  0.479 
a*§   0.560 -0.274  0.235  0.363 -0.082 -0.06 -0.234  0.058  0.130 -0.278  0.093  0.887  0.442  0.857 
   0.001  0.143  0.211  0.049  0.666  0.751  0.213  0.762  0.492  0.136  0.626  0.045  0.014  0.063 
b*§   -0.053  0.024  0.206  0.089  0.037 -0.161  0.178 -0.054 -0.043 -0.367  0.810  0.451  0.694 
    0.782  0.902  0.276  0.640  0.845  0.396  0.346  0.775  0.820  0.046  0.097  0.012  0.194 
Sand    -0.994 -0.429  0.032  0.022  0.283 -0.313  0.253  0.518 -0.105 -0.799 -0.721 -0.731 
    <.0001  0.018  0.867  0.910  0.130  0.092  0.177  0.003  0.580  0.105 <.0001  0.161 
Silt      0.329 -0.042  0.018 -0.249  0.318 -0.284 -0.512  0.072  0.769  0.714  0.687 
      0.076  0.827  0.925  0.186  0.087  0.129  0.004  0.707  0.129 <.0001  0.200 
Clay       0.024 -0.357 -0.399  0.068  0.166 -0.330  0.142  0.566  0.330  0.598 
       0.900  0.053  0.029  0.722  0.381  0.075  0.454  0.320  0.075  0.287 
VC¶        0.323  0.288 -0.019 -0.088  0.312  0.036  0.806  0.031  0.707 
        0.081  0.123  0.919  0.642  0.093  0.850  0.100  0.869  0.182 
C¶         0.860 -0.411 -0.084  0.317  0.137 -0.150  0.123 -0.141 
        <.0001  0.024  0.659  0.088  0.470  0.810  0.517  0.821 
M¶         -0.556 -0.007  0.413  0.253 -0.526 -0.266 -0.458 
          0.001  0.972  0.023  0.177  0.362  0.155  0.438 
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Table 4-5. Continued.  
 a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 
F¶          -0.804 -0.308 -0.301  0.397  0.199  0.226 
          <.0001  0.098  0.106  0.508  0.291  0.715 
VF¶            0.161  0.179 -0.184 -0.083 -0.014 
            0.396  0.343  0.767  0.662  0.983 
Ksat             0.157 -0.958 -0.310 -0.983 
             0.408  0.010  0.095  0.003 
BD #              0.448 -0.207  0.596 
              0.450  0.272  0.289 
FC††               0.718  0.983 
               0.172  0.003 
PWP††                0.636 
                0.249 

0-45 cm 
L*§ 0.483 -0.395  0.756 -0.703 -0.356  0.220  0.050  0.377 -0.066 -0.079  0.622 -0.307 -0.673 -0.814 -0.664 
 0.007  0.031 <.0001 <.0001  0.054  0.243  0.792  0.040  0.730  0.676  0.055  0.389  0.213 <.0001  0.222 
a*§   0.484 -0.459  0.409  0.320 -0.064 -0.040 -0.170  0.040  0.096 -0.523  0.249  0.839  0.486  0.813 
   0.007  0.011  0.025  0.085  0.737  0.834  0.370  0.835  0.614  0.121  0.488  0.076  0.007  0.095 
b*§   -0.365  0.409  0.121  0.066  0.164 -0.066  0.196 -0.196 -0.400 -0.272  0.709  0.554  0.589 
    0.047  0.025  0.523  0.728  0.385  0.729  0.299  0.299  0.252  0.448  0.180  0.002  0.296 
Sand    -0.969 -0.375  0.099  0.037  0.327 -0.308  0.190  0.722 -0.062 -0.890 -0.874 -0.828 
    <.0001  0.041  0.603  0.845  0.077  0.098  0.314  0.018  0.865  0.043 <.0001  0.084 
Silt     0.161 -0.096 0.022 -0.275 0.409 -0.338 -0.702 0.006 0.864 0.859 0.788 
     0.394 0.615 0.907 0.141 0.025 0.068 0.024 0.987 0.059 <.0001 0.114 
Clay      -0.093 -0.314 -0.388 -0.181  0.435 -0.602  0.388  0.414  0.329  0.480 
       0.627  0.091  0.034  0.337  0.016  0.066  0.268  0.488  0.076  0.414 
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Table 4-5. Continued.  
 a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 
VC¶        0.269  0.203  0.034 -0.076  0.408 -0.399  0.607  0.033  0.485 
        0.151  0.283  0.860  0.689  0.241  0.254  0.277  0.862  0.407 
C¶         0.877 -0.353 -0.179  0.385 -0.247 -0.338  0.074 -0.324 
        <.0001  0.056  0.344  0.272  0.491  0.578  0.698  0.595 
M¶         -0.49 -0.063  0.618 -0.042 -0.449 -0.312 -0.374 
          0.006  0.742  0.057  0.908  0.449  0.093  0.535 
F¶          -0.819 -0.13 -0.497  0.346  0.326  0.199 
          <.0001  0.721  0.144  0.569  0.078  0.749 
VF¶           -0.104  0.548 -0.133 -0.238 -0.001 
            0.776  0.101  0.831  0.205  0.999 
Ksat            -0.245 -0.894 -0.654 -0.932 
             0.495  0.041  0.040  0.021 
BD #              0.220 -0.282  0.370 
              0.722  0.429  0.540 
FC††               0.771  0.987 
               0.127  0.002 
PWP††                0.682 
                0.205 
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Table 4-5. Continued. 
 a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 

0-60 cm 
L*§ 0.492 -0.459  0.763 -0.713 -0.363  0.179  0.045  0.446 -0.174  0.009  0.824 -0.372 -0.865 -0.774 -0.866 
 0.006  0.011 <.0001 <.0001  0.049  0.345  0.812  0.014  0.358  0.960  0.003  0.290  0.059 <.0001  0.058 
a*§   0.416 -0.455  0.408  0.330 -0.064  0.005 -0.153  0.065  0.047 -0.568  0.271  0.837  0.495  0.800 
   0.022  0.012  0.025 0.075  0.738  0.980  0.420  0.733  0.805  0.087  0.449  0.077  0.005  0.104 
b*§   -0.486  0.542  0.115  0.048  0.234 -0.032  0.236 -0.299 -0.531 -0.312  0.584  0.622  0.467 
    0.006  0.002  0.546  0.801  0.213  0.866  0.210  0.108  0.114  0.380  0.301  0.0002  0.427 
Sand    -0.970 -0.388  0.065 -0.107  0.281 -0.324  0.263  0.699  0.028 -0.829 -0.871 -0.752 
    <.0001  0.034  0.732  0.574  0.132  0.081  0.160  0.025  0.938  0.082 <.0001  0.142 
Silt      0.179 -0.053  0.159 -0.234  0.450 -0.436 -0.699  0.437  0.797  0.885  0.704 
      0.343  0.781  0.401  0.213  0.013  0.016  0.025  0.207  0.107 <.0001  0.185 
Clay      -0.097 -0.224 -0.329 -0.239  0.443 -0.675 -0.029  0.290  0.266  0.374 
       0.610  0.235  0.076  0.203  0.014  0.032  0.936  0.636  0.156  0.535 
VC¶        0.257  0.238  0.033 -0.060 -0.702 -0.045  0.615 -0.066  0.490 
        0.171  0.206  0.861  0.753  0.024  0.901  0.270  0.731  0.402 
C¶         0.845 -0.357 -0.124  0.372 -0.229 -0.390  0.096 -0.393 
        <.0001  0.053  0.514  0.289  0.524  0.517  0.615  0.513 
M¶         -0.493 -0.013  0.628 -0.164 -0.416 -0.350 -0.364 
          0.006  0.946  0.052  0.651  0.486  0.058  0.548 
F¶          -0.842 -0.159 -0.500  0.406  0.413  0.269 
          <.0001  0.661  0.141  0.497  0.023  0.662 
VF¶           -0.057  0.596 -0.228 -0.339 -0.096 
            0.876  0.069  0.713  0.067  0.878 
Ksat            -0.199 -0.872 -0.746 -0.888 
             0.581  0.054  0.013  0.044 
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Table 4-5. Continued. 

† Correlation coefficient (r); n = 30, except Ksat and Bulk density (n = 10) and FC and WHC (n = 5). 
‡ Prob > r. 

   §Soil color parameters L*, lightness; a*, red green scale; b*, yellow blue scale. 
¶  Sand size distribution VC, very coarse; C, coarse; M, medium; F, fine and VF, very fine. 
#  Bulk density.  
  ‡‡ Volumetric water contents at field capacity, permanent wilting point and water holding capacity. 
 
 

 a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 
BD #             0.181 -0.265 0.322 
             0.770 0.460 0.598 
FC††               0.784  0.988 
               0.116  0.002 
PWP††                0.698 
                0.190 
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Table 4-6. Correlation matrix of soil microbiological properties of the citrus grove at two 
cumulative depths. 

Soil property AWCD§ Enzymatic activity 
β-Glucosidase Xylosidase Phosphatase 
0-15 cm 

Organic matter 0.020†  0.260 -0.356  0.553 
 0.915‡  0.165  0.054  0.002 
AWCD§  -0.038  0.056 -0.147 
   0.841  0.768  0.440 
β-Glucosidase   -0.012  0.377 
    0.950  0.040 
Xylosidase     0.067 
     0.724 

0-30 cm 
Organic matter 0.243 0.330 -0.204  0.572 
 0.196 0.075  0.280  0.001 
AWCD§  0.058 -0.099 -0.155 
  0.760  0.603  0.412 
β-Glucosidase   -0.141  0.402 
    0.459  0.028 
Xylosidase     0.115 
     0.544 
†Correlation coefficient (r); n = 30.   

     ‡ Prob > r.      
         § Average well color development. 
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Table 4-7. Relationship between selected soil properties of the citrus grove at four cumulative 
depths. 

Soil property 
Soil color parameters# Particle size distribution  

PWP†† L* a* b* Sand Silt Clay 
0-15 cm 

Organic matter -0.473† 0.391 0.255 -0.678 0.741  0.027 0.833 
  0.008‡ 0.033 0.174 <.0001 <.0001  0.887 <.0001 
CEC -0.585 0.583 0.338 -0.567 0.603  0.042 0.846 
  0.001 0.001 0.068  0.001 0.0002  0.825 <.0001 
P§ -0.317 0.416 0.566 -0.227 0.264 -0.150 0.572 
  0.088 0.022 0.001  0.228 0.158  0.429 0.001 
K§ -0.308 0.287 0.239 -0.557 0.617 -0.052 0.652 
  0.097 0.124 0.204  0.001 0.0002  0.787 <.0001 
Mg§ -0.354 0.362 0.041 -0.434 0.433  0.021 0.541 
  0.055 0.049 0.829  0.017 0.017  0.912 0.002 
Ca§ -0.549 0.519 0.292 -0.527 0.531  0.080 0.745 
  0.002 0.003 0.118  0.003 0.003  0.674 <.0001 
Al¶ -0.246 0.266 0.497 -0.467 0.576 -0.114 0.601 
  0.191 0.156 0.005  0.009 0.001  0.549 0.0004 

0-30 cm 
Organic matter -0.740 0.436 0.512 -0.723 0.733 0.337 0.921 
 <.0001 0.016 0.004 <.0001 <.0001 0.069 <.0001 
CEC -0.749 0.593 0.497 -0.704 0.693 0.389 0.879 
 <.0001 0.001 0.005 <.0001 <.0001 0.034 <.0001 
P§ -0.617 0.461 0.684 -0.380 0.395 0.152 0.746 
  0.0003 0.010 <.0001  0.038 0.031 0.422 <.0001 
K§ -0.494 0.333 0.425 -0.630 0.642 0.176 0.757 
  0.006 0.072 0.019  0.0002 0.0002 0.351 <.0001 
Mg§ -0.468 0.450 0.189 -0.507 0.483 0.308 0.550 
  0.009 0.013 0.316  0.004 0.007 0.098 0.002 
Ca§ -0.764 0.548 0.368 -0.654 0.643 0.386 0.767 
 <.0001 0.002 0.045 <.0001 0.0001 0.035 <.0001 
Al¶ -0.443 0.220 0.678 -0.460 0.515 0.105 0.702 
  0.014 0.243 <.0001  0.011 0.004 0.579 <.0001 
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Table 4-7. Continued. 

Soil property 
Soil color parameters# Particle size distribution  

PWP†† L* a* b* Sand Silt Clay 
0-45 cm 

Organic matter -0.776 0.474 0.696 -0.783 0.778 0.296 0.922 
 <.0001 0.008 <.0001 <.0001 <.0001 0.112 <.0001 
CEC -0.807 0.606 0.592 -0.824 0.793 0.348 0.912 
 <.0001 0.0002 0.001 <.0001 <.0001 0.060 <.0001 
P§ -0.719 0.466 0.721 -0.630 0.646 0.104 0.790 
 <.0001 0.010 <.0001  0.0004 0.0003 0.586 <.0001 
K§ -0.587 0.380 0.588 -0.663 0.702 0.057 0.809 
  0.001 0.038 0.001 <.0001 <.0001 0.764 <.0001 
Mg§ -0.582 0.462 0.229 -0.624 0.577 0.329 0.627 
  0.001 0.010 0.224  0.0002 0.001 0.076 0.0003 
Ca§ -0.791 0.539 0.411 -0.752 0.687 0.388 0.782 
 <.0001 0.002 0.024 <.0001 <.0001 0.034 <.0001 
Al¶ -0.558 0.336 0.827 -0.620 0.679 0.058 0.767 
  0.001 0.069 <.0001  0.0002 <.0001 0.761 <.0001 

0-60 cm 
Organic matter -0.800 0.504  0.757 -0.816  0.816 0.309 0.887 
 <.0001 0.005 <.0001 <.0001 <.0001 0.097 <.0001 
CEC -0.823 0.607  0.600 -0.840  0.814 0.347 0.912 
 <.0001 0.0004  0.001 <.0001 <.0001 0.060 <.0001 
P§ -0.777 0.492  0.728 -0.690 0.729 0.086 0.832 
 <.0001 0.006 <.0001 <.0001 <.0001 0.651 <.0001 
K§ -0.596 0.410  0.666 -0.688 0.736 0.041 0.778 
  0.001 0.025 <.0001 <.0001 <.0001 0.832 <.0001 
Mg§ -0.629 0.473  0.248 -0.629 0.573 0.348 0.609 
  0.0002 0.008  0.186  0.0002 0.001 0.060 0.000 
Ca§ -0.776 0.542  0.412 -0.728 0.660 0.401 0.742 
 <.0001 0.002  0.024 <.0001 <.0001 0.028 <.0001 
Al¶ -0.620 0.383  0.876 -0.675 0.748 0.058 0.786 
  0.0003 0.037 <.0001 <.0001 <.0001 0.759 <.0001 

† Correlation coefficient (r); n = 30.  
‡  Prob > r.     
§ Mehlich I-extractable nutrients. 
¶ Oxalate-extractable nutrients. 
#  Soil color parameters  L*, lightness; a*, red green scale; b*, yellow blue scale. 
†† Volumetric water content at permanent wilting point
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Table 4-8. Regression analysis of soil chemical properties at different depths with Citrus yield and canopy volume. 

Depth (cm )§ pH EC 
 

OM 
 

CEC 
  

Mehlich I-extractable nutrients Oxalate-extractable 
nutrients 

P K Ca Mg Mn Fe Fe  Al 
Relationship with yield 

D1 
0.043† 

0.270‡ 
0.096 
0.095 

 0.357 
0.001 

 0.265 
 0.004 

 0.231 
 0.007 

0.146 
0.037 

0.218 
0.009 

0.026 
0.397 

0.049 
0.235 

0.010 
0.591 

0.011 
0.575 

0.419 
0.0001 

D1+D2 
0.067 
0.389 

0.125 
0.165 

0.383 
0.002 

 0.402 
 0.001 

 0.358 
 0.002 

0.358 
0.002 

0.272 
0.014 

0.196 
0.052 

0.051 
0.497 

0.173 
0.078 

0.317 
0.006 

0.419 
0.0006 

D1+D2+D3 
0.071 
0.582 

0.189 
0.135 

0.510 
0.0003 

 0.514 
 0.003 

 0.554 
<.0001 

0.428 
0.002 

0.316 
0.018 

0.245 
0.059 

0.094 
0.456 

0.231 
0.073 

0.265 
0.056 

0.529 
0.0002 

D1+D2+D3+D4 
0.119 
0.507 

0.189 
0.244 

0.527 
0.001 

 0.514 
 0.001 

 0.625 
<.0001 

0.435 
0.005 

0.325 
0.037 

0.271 
0.085 

0.094 
0.633 

0.231 
0.146 

0.270 
0.109 

0.598 
0.0001 

Mean Depth 0.004 
0.752 

0.142 
0.040 

0.489 
<.0001 

 0.469 
<.0001 

 0.569 
<.0001 

0.344 
0.001 

0.337 
0.001 

0.192 
0.015 

0.047 
0.256 

0.104 
0.082 

0.053 
0.219 

0.520 
<.0001 

Relationship with canopy volume 

D1 
0.003† 

0.781‡ 
0.177 
0.020 

0.345 
0.001 

 0.324 
 0.001 

 0.251 
 0.005 

0.111 
0.071 

0.257 
0.004 

0.007 
0.619 

.004 
0.748 

0.048 
0.245 

0.028 
0.396 

 0.414 
 0.0001 

D1+D2 
0.067 
0.388 

0.179 
0.069 

0.453 
0.0003 

 0.547 
<.0001 

 0.412 
 0.001 

0.453 
0.0003 

0.433 
0.001 

0.294 
0.009 

0.012 
0.851 

0.252 
0.019 

0.385 
0.001 

 0.416 
 0.001 

D1+D2+D3 
0.068 
0.599 

0.228 
0.076 

0.568 
<.0001 

 0.718 
<.0001 

 0.612 
<.0001 

0.503 
0.0004 

0.495 
0.0004 

0.417 
0.002 

0.024 
0.886 

0.297 
0.025 

0.368 
0.011 

 0.610 
<.0001 

D1+D2+D3+D4 
0.085 
0.677 

0.234 
0.141 

0.578 
<.0001 

 0.728 
<.0001 

 0.760 
<.0001 

0.522 
0.001 

0.517 
0.001 

0.435 
0.005 

0.024 
0.957 

0.317 
0.042 

0.372 
0.025 

 0.675 
<.0001 

Mean Depth 0.013 
0.547 

0.230 
0.012 

0.539 
<.0001 

 0.637 
<.0001 

 0.673 
<.0001 

0.362 
0.0004 

0.516 
<.0001 

0.232 
0.001 

0.003 
0.773 

0.088 
0.109 

0.052 
0.224 

 0.542 
<.0001 

† Coefficient of determination (R2); n = 30. 
‡  Prob > R2. 
§  D1= 0-15 cm, D2= 15-30 cm, D3= 30-45 cm, D4= 45-60 cm, Mean Depth= Weighted average of D1, D2, D3 and D4. 
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Table 4-9. Regression analysis of soil physical properties at different depths with Citrus yield and canopy volume. 

 Soil color¶ Particle size distribution Sand size distribution 
Ksat BD†† FC‡‡ PWP‡‡ WHC‡‡ Depth (cm )† L* a* b* Sand Silt Clay VC# C# M# F# VF# 

Relationship with yield 

D1 
0.062† 
0.181‡ 

0.183 
0.018 

0.200 
0.013 

0.074 
0.144 

0.168 
0.024 

0.057 
0.201 

0.010 
0.595 

0.062 
0.184 

0.200 
0.013 

0.230 
0.007 

0.037 
0.305 

0.157 
0.256 

0.079 
0.307 

0.426 
0.232 

0.146 
0.037 

0.315 
0.325 

D1+D2 
0.283 
0.011 

0.234 
0.017 

0.328 
0.005 

0.156 
0.101 

0.186 
0.062 

0.256 
0.018 

0.073 
0.356 

0.065 
0.399 

0.216 
0.040 

0.232 
0.028 

0.143 
0.125 

0.163 
0.537 

0.146 
0.389 

0.525 
0.475 

0.387 
0.001 

0.368 
0.632 

D1+D2+D3 
0.461 
0.001 

0.177 
0.006 

0.367 
0.007 

0.435 
0.002 

0.581 
0.0002 

0.259 
0.047 

0.073 
0.567 

0.107 
0.392 

0.254 
0.051 

0.287 
0.029 

0.143 
0.253 

0.192 
0.710 

0.162 
0.566 

0.639 
0.716 

0.434 
0.002 

0.381 
0.886 

D1+D2+D3+D4 
0.478 
0.002 

0.434 
0.005 

0.376 
0.015 

0.435 
0.005 

0.531 
0.001 

0.267 
0.088 

0.075 
0.733 

0.113 
0.536 

0.523 
0.001 

0.418 
0.007 

0.201 
0.211 

0.307 
0.706 

0.277 
0.469 --§§ 

0.509 
0.001 -- 

Mean Depth 0.428 
<.0001 

0.334 
0.001 

0.381 
0.001 

0.229 
0.007 

0.295 
0.002 

0.0002 
0.943 

0.028 
0.372 

0.023 
0.426 

0.177 
0.021 

0.198 
0.014 

0.080 
0.129 

0.247 
0.143 

0.173 
0.123 

0.484 
0.192 

0.470 
<.0001 

0.366 
0.279 

Relationship with canopy volume  

D1 
0.113† 
0.068‡ 

0.171 
0.023 

0.136 
0.044 

0.159 
0.028 

0.258 
0.004 

0.008 
0.635 

0.015 
0.520 

0.159 
0.029 

0.380 
0.003 

0.299 
0.002 

0.021 
0.440 

0.365 
0.064 

0.167 
0.131 

0.904 
0.013 

0.213 
0.010 

0.795 
0.042 

D1+D2 
0.375 
0.002 

0.196 
0.052 

0.262 
0.017 

0.362 
0.002 

0.330 
0.004 

0.397 
0.001 

0.078 
0.332 

0.161 
0.094 

0.430 
0.0005 

0.299 
0.008 

0.103 
0.232 

0.376 
0.201 

0.247 
0.181 

0.908 
0.092 

0.509 
<.0001 

0.795 
0.205 

D1+D2+D3 
0.512 
0.0003 

0.261 
0.045 

0.329 
0.014 

0.671 
<.0001 

0.659 
<.0001 

0.397 
0.004 

0.079 
0.535 

0.250 
0.054 

0.510 
0.0003 

0.450 
0.001 

0.108 
0.384 

0.627 
0.096 

0.297 
0.257 

0.908 
0.378 

0.632 
<.0001 

0.787 
0.436 

D1+D2+D3+D4 
0.571 
0.0002 

0.263 
0.094 

0.329 
0.035 

0.673 
<.0001 

0.667 
<.0001 

0.398 
0.010 

0.081 
0.702 

0.263 
0.095 

0.726 
<.0001 

0.533 
0.001 

0.193 
0.233 

0.663 
0.176 

0.333 
0.352 -- 0.697 

<.0001 -- 

Mean Depth 0.545 
<.0001 

0.239 
0.006 

0.342 
0.001 

0.417 
0.0001 

0.438 
<.0001 

0.046 
0.255 

0.039 
0.292 

0.068 
0.162 

0.346 
0.001 

0.210 
0.011 

0.042 
0.274 

0.583 
0.010 

0.293 
0.037 

0.911 
0.012 

0.663 
<.0001 

0.798 
0.041 

† Coefficient of determination (R2) for n = 30, except Ksat and Bulk density (n = 10) and FC and WHC (n = 5).      
‡  Prob > R2. 
§  D1= 0-15 cm, D2= 15-30 cm, D3= 30-45 cm, D4= 45-60 cm, Mean Depth= Weighted average of D1, D2, D3 and D4. 
 ¶Soil color parameters L*, lightness; a*, red green scale; b*, yellow blue scale. 
# Sand size distribution VC, very coarse; C, coarse; M, medium; F, fine and VF, very fine. 
 ††  Bulk density 

               ‡‡ Volumetric water content at field capacity, permanent wilting point and water holding capacity. 
§§  n = 5.
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Table 4-10. Percent contribution of different soil properties to latent vector of the partial least 
squares (PLS) regression analysis performed for citrus yield and canopy volume. 

Soil property 
Yield Canopy volume 

Depth (cm)† Depth (cm)† 
0-15  0-30  0-45 0-60 0-15  0-30  0-45 0-60 

EC 36.81 43.88 45.08 42.52 37.78 43.69 44.50 42.08 
Organic matter 83.34 89.33 89.12 89.60 82.60 88.90 88.31 88.93 
CEC 80.47 88.84 91.63 91.41 79.31 89.07 92.11 92.10 
P‡ 46.17 67.07 75.22 80.81 42.93 64.46 73.80 80.06 
K‡ 54.82 65.35 68.28 66.30 52.29 64.10 67.04 65.06 
Mg‡ 28.11 35.99 43.56 46.59 26.35 36.07 44.60 47.76 
Ca‡ 68.91 71.21 70.34 67.09 67.18 72.23 71.80 68.66 
Al§ 59.79 57.29 67.08 71.84 58.31 54.79 64.97 70.04 
L*¶ 27.28 56.43 67.23 70.94 29.62 58.83 68.53 72.00 
a*¶ 32.02 31.18 34.18 34.45 29.44 29.28 32.87 32.94 
b*¶ 18.59 34.69 47.43 52.82 14.85 30.43 44.30 50.37 
PWP# 73.22 84.97 89.28 90.43 74.00 85.32 89.90 90.99 
Sand 46.10 54.98 73.31 75.11 50.64 58.88 75.51 76.44 
Silt 54.59 55.55 72.87 76.30 58.93 59.29 74.58 77.13 
Medium sand 14.64 17.73 13.06 14.97 17.45 19.61 14.55 16.36 
Fine sand 13.22 16.88 14.27 17.73 14.97 17.55 14.69 18.03 
Var  I.V.†† 46.13 54.46 60.12 61.18 46.13 54.46 60.12 61.18 
Var D.V.‡‡ 45.02 47.94 53.95 57.83 54.17 60.50 67.90 70.99 
† Soil properties at four cumulative depths were used for partial least squares regression analysis. 

‡ Mehlich I-extractable nutrients. 
§ Oxalate-extractable nutrients. 
¶  Soil color parameters  L*, lightness; a* red green scale; b* yellow blue scale. 
# Volumetric water content at permanent wilting point. 
††  Percent variance accounted by the latent vector in independent variables (soil properties).  
‡‡ Percent  variance accounted by the latent vector in dependent variables (citrus yield or canopy 

volume). 
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Table 4-11. Model effect loadings of different soil properties for the latent vector of the partial 
least squares (PLS) regression analysis performed for citrus yield and canopy volume. 

Soil property 
Yield Canopy volume 

Depth (cm)† Depth (cm)† 
0-15  0-30  0-45 0-60 0-15  0-30  0-45 0-60 

EC  0.223  0.224  0.216  0.207  0.226  0.224  0.215  0.206 
Organic matter  0.336  0.320  0.304  0.301  0.335  0.319  0.303  0.300 
CEC  0.330  0.319  0.309  0.304  0.328  0.320  0.309  0.305 
P‡  0.250  0.277  0.280  0.286  0.241  0.272  0.277  0.285 
K‡  0.273  0.274  0.266  0.259 0.266  0.271  0.264  0.256 
Mg‡  0.195  0.203  0.213  0.217  0.189  0.203  0.215  0.220 
Ca‡  0.306  0.286  0.270  0.260  0.302  0.288  0.273  0.263 
Al§  0.285  0.256  0.264  0.270  0.281  0.251  0.260  0.266 
L*¶ -0.192 -0.254 -0.264 -0.268 -0.201 -0.260 -0.267 -0.270 
a*¶  0.208  0.189  0.189  0.187  0.200  0.183  0.185  0.183 
b*¶  0.159  0.200  0.222  0.231  0.142  0.187  0.215  0.226 
PWP#  0.315  0.312  0.305  0.302  0.317  0.313  0.306  0.303 
Sand -0.250 -0.251 -0.276 -0.276 -0.262 -0.260 -0.280 -0.278 
Silt  0.272  0.252  0.275  0.278  0.283  0.261  0.278  0.279 
Medium sand -0.141 -0.143 -0.117 -0.123 -0.154 -0.150 -0.123 -0.129 
Fine sand  0.134  0.139  0.122  0.134  0.143  0.142  0.124  0.135 
† Soil properties at four cumulative depths were used for partial least squares regression analysis. 

‡ Mehlich I-extractable nutrients. 
§ Oxalate-extractable nutrients. 
¶  Soil color parameters  L*, lightness; a* red green scale; b* yellow blue scale. 
# Volumetric water content at permanent wilting point
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Table 4-12. Regression estimates of different soil properties for the model developed by the partial least squares (PLS) regression 
analysis for citrus yield and canopy volume. 

Soil property 
Yield Canopy volume 

Depth (cm)† Depth (cm)† 
0-15  0-30  0-45 0-60 0-15  0-30  0-45 0-60 

Intercept   83.83  155.39 244.11  256.66 19.70 32.36 44.99 45.78 
EC    0.531     0.673     0.763     0.807  0.096  0.107  0.115  0.126 
Organic matter    2.971    2.425     2.250     2.238  0.386  0.335  0.311  0.307 
CEC    3.460    3.240     3.070     3.042  0.505  0.483  0.463  0.462 
P‡    2.776    2.396     2.145     2.262  0.382  0.348  0.310  0.321 
K‡    1.876    2.067     2.098     2.020  0.217  0.273  0.282  0.270 
Mg‡    0.973    1.454     1.794     1.859  0.067  0.172  0.250  0.266 
Ca‡    2.828    2.410     2.134     2.116  0.406  0.379  0.344  0.341 
Al§    1.737    1.178     1.029     1.000  0.228  0.153  0.138  0.133 
L*¶   -0.067   -0.137   -0.165   -0.188 -0.012 -0.022 -0.024 -0.028 
a*¶    0.390    0.400    0.524    0.668  0.050  0.049  0.062  0.073 
b*¶    3.158    2.993    2.831    2.574  0.341  0.334  0.338  0.317 
PWP#   41.071  51.641  49.718  56.384  6.571  7.935  7.903  8.715 
Sand -14.980 -19.703 -27.630 -28.560 -2.898 -3.852 -4.998 -5.021 
Silt    3.464   3.484   4.454    4.727  0.568  0.617  0.739  0.752 
Medium sand   -3.511  -3.522  -2.760   -2.904 -0.640 -0.657 -0.523 -0.529 
Fine sand   4.979   3.809   2.965    2.941  0.751  0.551  0.408  0.395 

† Soil properties at four cumulative depths were used for partial least squares regression. 

‡ Mehlich I-extractable nutrients. 
§ Oxalate-extractable nutrients. 
¶  Soil color parameters  L*, lightness; a* red green scale; b* yellow blue scale. 
 # Volumetric water content at permanent wilting point.
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Table 4-13. Cross validation of citrus yield and canopy volume for the model developed by the 
partial least squares (PLS) regression analysis. 

Yield (Mg ha-1) 

Productivity zone Observed Predicted‡ 
0-15 cm 0-30 cm 0-45 cm 0-60 cm 

Very Poor 13.93 20.46 18.52 16.77 14.98 
Poor 30.03 40.87 40.68 39.87 40.31 
Medium 38.93 41.84 42.49 42.17 41.87 
Good 58.86 46.96 45.51 45.23 46.47 
Very Good 57.90 49.53 52.44 55.61 56.03 
Observed Vs Predicted 
R2   -- 0.45 0.48 0.54 0.58 
RMSE -- 15.19 14.78 13.90 13.31 
C.V. -- 38.10 37.03 34.82 33.32 
Significance -- ***† *** *** *** 

Canopy volume (m3 m-1 row) 

Productivity zone Observed Predicted‡ 
0-15 cm 0-30 cm 0-45 cm 0-60 cm 

Very Poor 1.41 2.09 1.79 1.54 1.31 
Poor 3.03 5.08 5.00 4.87 4.94 
Medium 4.75 5.10 5.23 5.18 5.14 
Good 6.76 5.85 5.67 5.64 5.81 
Very Good 8.58 6.41 6.84 7.29 7.31 
Observed Vs Predicted 
R2   -- 0.54 0.61 0.68 0.71 
RMSE -- 1.82 1.69 1.52 1.45 
C.V. -- 37.14 34.50 31.10 29.54 
Significance -- *** *** *** *** 

† Significant at p< 0.001; n = 30. 
 ‡ Soil properties at four cumulative depths were used for partial least squares regression 

analysis. 



 

 206 

Table 4-14. Canonical structure loadings as determined by the Canonical discriminant function 
analysis.   

Variable 
Canonical 

I 
Canonical 

II 
Canonical 

III 
Canonical 

IV 
0-15 cm† 

Contribution of canonicals (%) 94.4 2.4 2.2 1.0 
EC  0.524  0.056  0.066 -0.057 
OM  0.690  0.087  0.074 -0.139 
CEC  0.518 -0.084  0.222 -0.152 
Mehlich I-extractable P  0.406  0.319  0.314 -0.003 
Mehlich I-extractable K  0.451  0.294 -0.076 -0.169 
Mehlich I-extractable Mg  0.094  0.089 -0.126 -0.101 
Mehlich I-extractable Ca  0.364  0.017  0.308 -0.155 
Oxalate-extractable Al  0.862  0.235  0.049 -0.181 
L*, lightness -0.221  0.563 -0.202  0.157 
a*, red green scale  0.245 -0.085  0.380  0.140 
b*, yellow blue scale  0.429  0.396  0.087  0.152 
Permanent wilting point   0.574 -0.098 -0.074  0.017 
Sand -0.470  0.239  0.000  0.204 
Silt  0.575 -0.136  0.078 -0.180 
Coarse sand fraction -0.206  0.315 -0.414 -0.441 
Medium  sand fraction -0.493  0.283 -0.389 -0.418 
Fine sand fraction  0.579 -0.206  0.205  0.153 

0-30 cm‡ 
Contribution of canonicals (%) 82.4 12.0 4.6 1.0 
EC  0.572  0.118 -0.065 -0.004 
OM  0.797  0.080 -0.005 -0.009 
CEC  0.705 -0.152 -0.094  0.000 
Mehlich I-extractable P  0.738 -0.015  0.194  0.067 
Mehlich I-extractable K  0.658  0.178  0.058 -0.005 
Mehlich I-extractable Mg  0.226  0.028 -0.079 -0.082 
Mehlich I-extractable Ca  0.535 -0.300 -0.031  0.125 
Oxalate-extractable Al  0.887  0.270  0.160  0.074 
L*, lightness -0.509  0.316  0.182 -0.285 
a*, red green scale  0.329 -0.290  0.084 -0.085 
b*, yellow blue scale  0.628  0.239  0.225 -0.174 
Permanent wilting point   0.743  0.016 -0.053 -0.030 
Sand -0.554  0.168  0.217 -0.118 
Silt  0.586 -0.135 -0.105  0.142 
Coarse sand fraction -0.171  0.642  0.087  0.493 
Medium sand fraction -0.487  0.582  0.090  0.463 
Fine sand fraction  0.558 -0.181 -0.121 -0.224 
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Table 4-14. Continued. 

Variable 
Canonical 

I 
Canonical 

II 
Canonical 

III 
Canonical 

IV 
0-45 cm§ 

Contribution of canonicals (%) 84.0 14.0 1.3 0.7 
EC  0.559  0.195  0.042  0.048 
OM  0.754  0.388  0.122  0.079 
CEC  0.569  0.559 -0.018  0.148 
Mehlich I-extractable P  0.654  0.514  0.238  0.225 
Mehlich I-extractable K  0.658  0.292  0.219 -0.036 
Mehlich I-extractable Mg  0.254  0.288 -0.106  0.007 
Mehlich I-extractable Ca  0.332  0.582 -0.059  0.273 
Oxalate-extractable Al  0.848  0.352  0.291  0.087 
L*, lightness -0.392 -0.536  0.074 -0.386 
a*, red green scale  0.180  0.458  0.078  0.016 
b*, yellow blue scale  0.754  0.233  0.286 -0.135 
Permanent wilting point   0.650  0.519 -0.072  0.127 
Sand -0.496 -0.488  0.127 -0.420 
Silt  0.526  0.491  0.012  0.401 
Coarse sand fraction  0.261 -0.632  0.304  0.256 
Medium sand fraction -0.046 -0.751  0.324  0.225 
Fine sand fraction  0.383  0.369 -0.104 -0.126 

0-60 cm¶ 
Contribution of canonicals (%) 85.4 9.2 4.4 1.0 
EC  0.595  0.040  0.106  0.067 
OM  0.878  0.113  0.020  0.113 
CEC  0.743  0.289 -0.219  0.165 
Mehlich I-extractable P  0.825  0.346  0.010  0.262 
Mehlich I-extractable K  0.748  0.077  0.159  0.076 
Mehlich I-extractable Mg  0.378  0.168 -0.223  0.005 
Mehlich I-extractable Ca  0.510  0.369 -0.331  0.211 
Oxalate-extractable Al  0.933  0.131  0.184  0.213 
L*, lightness -0.622 -0.284  0.280 -0.311 
a*, red green scale  0.381  0.328 -0.106  0.025 
b*, yellow blue scale  0.848 -0.004  0.220  0.072 
Permanent wilting point   0.814  0.306 -0.077  0.097 
Sand -0.695 -0.057  0.348 -0.261 
Silt  0.757  0.044 -0.191  0.335 
Coarse sand fraction  0.072 -0.504  0.548  0.357 
Medium sand fraction -0.292 -0.537  0.602  0.286 
Fine sand fraction  0.501  0.142 -0.158 -0.115 
† Wilks’Lambda  p< 0.0001. 
‡ Wilks’Lambda  p< 0.0036. 
§  Wilks’Lambda  p< 0.0001. 
¶ Wilks’Lambda  p< 0.0001. 
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Figure 4-1. Dendrograms produced by the cluster analysis for soil properties at 0-15 cm depth. 
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Figure 4-2. Dendrograms produced by the cluster analysis for soil properties at 0-30 cm depth. 
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Figure 4-3. Dendrograms produced by the cluster analysis for soil properties at 0-45 cm depth. 
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Figure 4-4. Dendrograms produced by the cluster analysis for soil properties at 0-60 cm depth. 
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Figure 4-5.  Plot of canonicals for multiattributes and the group discrimination at 0-15 cm depth 
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Figure 4-6.  Plot of canonicals for multiattributes and the group discrimination at 0-30 cm depth. 
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Figure 4-7.  Plot of canonicals for multiattributes and the group discrimination at 0-45 cm depth. 
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Figure 4-8.  Plot of canonicals for multiattributes and the group discrimination at 0-60 cm depth 
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CHAPTER 5 
CALIBRATING A SOIL PRODUCTIVITY INDEX FOR CITRUS USING INDICATOR 

CROP BIOASSAYS 

Introduction 

The importance of soil property variation with depth emphasizes the need to evaluate citrus 

productivity at different soil depth intervals spanning the entire root zone. Secondly, poor areas 

of the grove can be ameliorated based on the factors responsible for poor soil fertility and crop 

growth, and the efficacy of potential amendments can be tested rapidly using indicator crops in 

the greenhouse. Bioassay indicator crops have been successfully used to evaluate fertility or 

nutrient effects on crop growth (Ahlrichs et al., 1990; Obilo and Ogunyemi, 2005; Zebarth et al., 

2005). Rapid indicator crop bioassays can be developed to evaluate the relationships between 

indicator crops and citrus production at various soil depths, and to define the depth that limits 

productivity. For a bioassay to serve as a routine test, it should be simple and rapid to conduct, 

and the indicator crops can be selected based on their physiology or suitability to soil conditions.  

Angiosperms are classified into monocotyledons and dicotyledons that differ with respect 

to their morphology and physiology. The monocotyledons have a fibrous root system where the 

primary root ceases to elongate, leading to the development of numerous small-diameter lateral 

roots. These roots branch repeatedly and form the feeding root system of the plant.  Dicotyledons 

have a tap root system that forms when the primary root continues to elongate downward into the 

soil and becomes the central important part of the root system with less secondary branching 

than the fibrous root system. 

Sorghum (Sorghum bicolor. L. Moench) belongs to the family graminaceae of 

monocotyledons and is a rapidly growing drought resistant crop. Sorghum has a fine and fibrous 

root system with an extremely large surface area that increases its water absorption capacity. The 

leaf epicuticular waxes in sorghum reduce the cuticular conductance to water vapor and increase 
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the efficiency of stomatal control by water loss, leading to the low transpiration rates that are 

responsible for their drought resistance (Jordan et al., 1983; Jordan et al., 1984). Osmotic 

adjustments due to the accumulation of solutes within the cells lower the osmotic potential and 

maintain turgor during water stress conditions (Sanchez et al., 2002). Its excellent root system, 

coupled with a relatively small transpiring area and low water requirement, helps explain the 

high degree of drought resistance in sorghum. Sorghum has C4 photosynthesis, in which 

phosphoenolpyruvate (PEP) carboxylase delivers the CO2 directly to Ribulose-1,5-bisphosphate 

carboxylase (RUBISCO).Stomata are not open for a longer period, allowing less water loss by 

transpiration, hence C4 plants have better water use efficiency compared with C3 plants. Dry 

matter yield, nutrient concentration, and total plant nutrient content of forage sorghum vary 

greatly under the conditions of variable fertility, organic matter and soil texture in Florida soils, 

where sandy areas in the field are low in soil fertility and crop growth is also low (Lilly and 

Gallaher, 1989). The rapid growth and high water use efficiency of sorghum allows it to be a 

potential candidate for a quick bioassay and its suitability to the soils under study, as the crop 

production is significantly affected by the water content in these soils.  

Radish (Raphanus sativus) belongs to the family Brassicaceae of dicotyledons and is a 

shallow-rooted vegetable with C3 photosynthesis that is less efficient than C4 plants. Based on 

the horizontal and vertical variations in soil properties between the productivity zones, it can be 

hypothesized that shallow-rooted crops will perform better in poor areas of the grove compared 

with deep rooted crops. Due to the extremely rapid growth and shallow root system of radish, it 

can be used as an indicator crop and evaluated for its performance at the different soil depth 

intervals. Along with these two indicator crops, natural weed cover in soils not treated with 

herbicide can also demonstrate productivity potential within a field. 
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The greenhouse bioassay experiments can be used to develop relationships of the crops of 

contrasting physiologies with citrus. These bioassay indicator crops can also help define the soil 

depth limiting citrus production in the variable citrus grove. Hence, the objectives of this study 

were to: 

• Calibrate a soil productivity index for citrus growth using indicator crop bioassays. 

• Determine the soil depth most influencing the crop production in the citrus grove with 
variable tree growth. Materials and Methods 

Study Site and Soil Sampling  

The experimental site is described in detail in Chapter 2. The experimental citrus grove 

was divided into five productivity zones based on tree canopy volume. The five zones were 

termed “very poor,” “poor,” “medium,” “good,” and “very good” productivity zones. Soil 

samples were collected from 30 points in the field, selecting six random points from each zone at 

four depths (0-15, 15-30, 30-45 and 45-60 cm) resulting in a total of 120 soil samples. In 

addition, soil samples from a highly productive reference citrus grove on Candler soil in Fort 

Meade, FL were collected. The samples were air-dried, ground, passed through a 2-mm sieve 

and used for greenhouse bioassay experiments. The experiments were set up in the greenhouse 

facilities of the Citrus Research and Education Center, University of Florida, Lake Alfred.  

Productivity Indices 

Sorghum as a productivity index of citrus grove-greenhouse experiment I 

 A greenhouse bioassay experiment with forage sorghum (Sorghum bicolor L. Moench) as 

an indicator crop was set up to compare the productivity of five zones at four depths in fall 2006. 

The experiment used 1-L plastic pots in a completely randomized design (CRD) with six 

replications. The pots were filled with 0.5 kg soil and brought to field capacity water content (4 

to 13% in different soils) and weighed. Fertilizer was added in splits at the equivalent rate of 
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168-49-93 kg ha-1 of N-P-K using ammonium nitrate, potassium dihydrogen phosphate and 

potassium chloride stock solutions at weekly intervals. Ten forage sorghum seeds were planted 

in each pot and thinned to five plants at 10 days after planting. During the growing period, the 

soils were brought to their respective field capacity moisture content by weighing at weekly 

intervals.  

 The germination percentage was recorded after 10 days. The chlorophyll index was 

measured weekly using a SPAD-502 chlorophyll meter (Minolta Corp., New Jersey, USA). 

Shoot length was also measured weekly. The interveinal chlorosis symptoms on the leaves were 

rated using six classes, with 0 as green and healthy, 1 as slightly yellow, 2 as one fourth of the 

leaves showing interveinal chlorosis, 3 as half of the leaves showing interveinal chlorosis, 4 as ¾ 

of the leaves with interveinal chlorosis and 5, as all the leaves showing severe interveinal 

chlorosis. 

At termination of the experiment (56 days after planting), shoots and roots were washed, 

dried in a forced draft oven at 70°C for 48-72 hr and weighed. Leaf samples for nutrient analysis 

were ground to pass a 0.38-mm sieve. Leaf phosphorus (P), potassium (K), calcium (Ca), 

magnesium (Mg), sulphur (S), manganese (Mn), iron (Fe), copper (Cu), zinc (Zn), and boron (B) 

concentrations were determined by Inductively Coupled Plasma Atomic Emission Spectroscopy 

(ICP – AES). 

Radish as a productivity index of citrus grove--greenhouse experiment II 

 A greenhouse bioassay experiment in a CRD with radish (Raphanus sativa L., cv. Early 

Scarlet Globe) as an indicator crop was set up in fall 2007 using the 120 soil samples collected 

from 30 sites at four depths. Eight radish seeds were planted per pot and thinned to four plants 7 

days after planting. The pots were fertilized in splits at weekly to supply a total of 70 kg N ha-1 

with a soluble ‘Peters 20–20–20’ [N-P2O5-K2O] commercial fertilizer blend derived from 
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ammonium phosphate, potassium nitrate, potassium phosphate, urea, magnesium sulfate, boric 

acid, copper EDTA, iron EDTA, manganese EDTA, sodium molybdate, and zinc EDTA. 

Germination percentage and chlorophyll index were recorded. Leaf area was measured for 

radish leaves. To calculate leaf area, overhead photographs of the potted radish plants were 

captured periodically with a SLR digital camera, and the leaf area was calculated by image 

processing software developed by Schumann (2007, unpublished) with Delphi 5.0 (Borland, 

Austin, TX). Shoot and root dry weights were recorded at termination of the experiment (21 days 

after planting).  

Weed cover as as a productivity index of citrus grove 

 Weed cover in the experimental citrus grove was recorded in July 2007. A 1 m2 quadrant 

frame made of plastic pipe was used to visually rate the percentage cover of weeds at all 30 

sample sites. Categorical and visual ratings are generally correlated with the counts and can be 

used successfully as a quick and reliable method for weed quantification (Neeser et al., 2000; 

Rew et al., 2000). Photographs of all the sites used to rate weed cover were captured. 

Data Analysis 

Classical statistical analysis 

  Data were analyzed with SAS software (SAS Institute, Inc., 2003). Summary statistics 

for all parameters were derived and all assumptions of normality were tested as described in 

Chapter 3. Analysis of variance was performed and means were compared using the Tukey test 

at alpha = 0.05. An example of the ANOVA Table is presented in Appendix Table A-6. Growth 

curves for both sorghum and radish were plotted. For correlation analysis, sorghum and radish 

growth parameters were calculated for four cumulative depths of   0-15, 0-30, 0-45 and 0-60 cm. 

Relationships between citrus yield/canopy volume and all the indicator crops were developed at 

each cumulative depth. Growth parameters of indicator crops were also correlated with soil 
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properties at four cumulative depths. Stepwise multiple regression analysis was performed using 

growth parameters at four depth intervals.  

Geostatistical analysis 

Geostatistical analysis was performed using ArcView and ArcGIS (ESRI, Redlands, CA). 

Attribute tables of indicator crop growth parameters were joined to a spatial data table and the 

data was interpolated at non-sampled locations by Inverse Distance Weighted (IDW) and 

Kriging techniques to produce detailed maps. The kriged values were selected for final 

interpolation since the values predicted by kriging were closer to the measured values, and maps 

were produced. 

Results and Discussion 

Sorghum and Radish as Productivity Indices of Citrus Grove 

 Summary statistics of sorghum and radish growth parameters (Table 5-1) indicated large 

coefficients of variability for germination percentage and root weight. The ranges were wide for 

sorghum germination, shoot length and shoot weight; and for radish germination, leaf area and 

shoot weight. The effect of productivity zone and depth (results of ANOVA) are presented in 

Table 5–2. Sorghum germination, shoot length and shoot weight were significantly affected by 

productivity zone. The effect of depth on shoot length, shoot weight, root weight and chlorophyll 

index was significant. In radish, germination, leaf area, shoot and root weights, and chlorophyll 

index were significantly affected by productivity zone, and the effect of depth was significant for 

leaf area and shoot weight. However, the interaction of productivity zone and depth did not 

affect any growth parameter of sorghum or radish. Chlorophyll index readings were recorded 

only for the plants in the soils from the 0-15 cm depth interval, as the radish leaves for the plants 

at lower three depths were too small to collect chlorophyll meter readings.  
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The main effects of productivity zone on germination, shoot length and shoot weight of 

sorghum are presented in Table 5–3. The very poor and very good zones had similar germination 

percentages at 0-15 cm depth, but at 15-30 cm the germination of the very poor zone decreased 

by about 50% and was the lowest, whereas the germination percentage of good and very good 

zones increased at this depth. The effect of productivity was pronounced at the greater depths. At 

30-45 and 45-60 cm, the four best zones had higher germination than the very poor zone. 

Sorghum shoot length decreased with soil depth when averaged across the five productivity 

zones. At specific depths, shoot lengths varied between productivity zones only at 30-45 and 0-

60 cm, showing lowest values in the very good zone.  Shoot weights also decreased with depth 

when averaged across the productivity zones as well as within each zone. Shoot weights were 

statistically the same in the five productivity zones at the four depth intervals. The increase in 

shoot weight along the productivity gradient was approximately 3 Mg ha-1 at 15-30 cm depth. 

However, at 30-45 and 45-60 cm depths, the very good productivity zone had the lowest shoot 

weights. When averaged across all depths (0-60 cm) shoot weights were statistically the same for 

very poor, poor, medium and good zones, and for very poor and very good zones. The increase 

in shoot weights by productivity zone for the upper two depths agrees with the improvement in 

soil chemical and physical properties along the productivity gradient (Chapter 3). Due to the 

poor performance of the very good zone soils at the lower two depths, sorghum shoot weight was 

also compared at the cumulative 0-30 cm depth, where the best three zones had the highest shoot 

weights followed by the poor and very poor productivity zones. These results indicated that the 

very good zone restricted sorghum growth only at the lower two depth intervals. 

 The poor performance of the very good zone at 30-45 and 45-60 cm depths can be 

attributed to the occurrence of severe interveinal chlorosis in these soils (Figure 5-1). These 



 

 223 

interveinal chlorotic symptoms were diagnosed mainly as Fe deficiency along with Mn 

deficiency symptoms on a few leaves. The visual symptoms are suggested as the primary 

indicator of Fe (Mc Kenzie et al., 1984; Loeppert and Hallmark, 1985) and Mn (Harmer and 

Sherman, 1943) chlorosis. Iron deficiency in sorghum can be identified by the leaves turning 

bright yellow in the interveinal tissue, leaving narrow green bands at the veins. This yellow color 

extends from base to the tip (Clark et al., 1981).  In Mn deficiency, sorghum leaves remain green 

and only narrow interveinal bands become yellow and necrotic. These necrotic bands extend to 

the whole leaf; older leaves show more severe symptoms than the younger leaves (Clark et al., 

1981). 

 To evaluate the effect of chlorotic symptoms on sorghum growth, interveinal chlorosis 

ratings, leaf nutrient concentrations, and nutrient uptake were analyzed for all the experimental 

units. The results of ANOVA (Table 5-4) indicated that the interveinal chlorosis was affected by 

productivity zone and depth. Of the nutrient concentrations, Mn was affected by depth and Fe by 

the interaction of productivity zone and depth. Uptake of Mn and Fe was affected by productivity 

zone, depth and their interaction.  

Interveinal chlorosis ratings (Table 5-5) were higher at the greater depths. Although these 

ratings were statistically the same in different productivity zones at the upper two depths, the 

very poor zone had higher interveinal chlorosis ratings at these depths. However, at 30-45 and 

45-60 cm depths, interveinal chlorosis ratings were the highest in the very good productivity 

zone. At the average depth (0-60 cm), very good and very poor zones had equal and high 

chlorosis ratings followed by the middle three zones. 

The concentration of leaf Mn decreased with depth (Table 5-6). The simple effects of Fe 

concentration, Mn uptake and Fe uptake are presented in Table 5-7. The Fe concentration did not 
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vary between the productivity zones and depths, but the values were lowest in the very good 

productivity zone. The Mn and Fe concentrations were lower than the sufficiency levels for 

sorghum (Lockman, 1972). Uptake of Mn was the same in all the productivity zones at the upper 

two depths, but the very good zone had the lowest Mn uptake at 30-45 and 45-60 cm depths. Iron 

uptake was the highest in the upper two depths of the very good zone and all the depths of poor, 

medium and good zones. These results combined with the visual symptoms revealed that 

sorghum growth in the very good productivity zone at lower two depths was greatly affected by 

Fe deficiency and to some extent by Mn deficiency.  

Correlation analysis of the interveinal chlorosis ratings with sorghum growth parameters 

and chlorophyll index (Table 5-8) at four depth intervals indicated that germination, shoot 

length, shoot weight and chlorophyll index were negatively correlated with the interveinal 

chlorosis ratings. At the upper two depths, the negative relationships were due to high interveinal 

chlorosis ratings in the very poor zone that had the lowest shoot weight. At the lower two depths, 

the very good zone had the highest interveinal chlorosis ratings and the lowest shoot weight. 

Chlorophyll index was significantly negatively (r = - 0.360 to r = - 0.424) correlated with the 

interveinal chlorosis ratings at the lower two depth intervals. The visual chlorosis ratings of 

sorghum are generally correlated with chlorophyll concentration, r = - 0.895 (Morris et al., 

1990), and R2 = 0.52 (Mc Kenzie et al., 1984) and with dry weights up to r = - 0.731 (Morris et 

al., 1990). Bowen and Rodgers (1987) correlated Fe chlorosis score with sorghum shoot biomass 

and suggested the use of visual score to predict Fe deficiency chlorosis.  

Iron is an essential nutrient element for plant growth and development. Iron plays an 

important role in cellular redox reactions due to its ability to undergo reversible valence changes 

from Fe2+ to Fe3+ and is used for chlorophyll development. Although the total Fe content in soils 
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in not limited, its bioavailability is often limited. Iron deficiency occurs if it is not present in an 

available form, if the plants are unable to utilize the available Fe within the plant, or if the plants 

are unable to absorb or translocate it to shoots (Kannan, 1984).Iron exists in the reduced (Fe 2+) 

and oxidized (Fe3+) forms, and the reduced ferrous (Fe2+) is available to the plants. Soil pH is the 

primary factor affecting the availability of Fe, as high pH precipitates iron to iron hydroxides, 

decreasing its availability. 

 The appearance of interveinal chlorosis or deficiency symptoms can be correlated with 

soil pH between the different productivity zones observed in Chapter 3 (Table 3-3), where the 

pH of very poor and very good productivity zones was higher than the soils of poor, medium and 

good zones. Soil pH was in the range of very slightly acidic to slightly acidic for poor, medium 

and good productivity zones, and very slightly alkaline for very poor and very good productivity 

zones. Within the very good productivity zone, the pH for six soil samples (Table 5-9) can be 

correlated with their shoot weights, as the soil samples with high pH at 30-45 and 45-60 cm 

depths had lower shoot weights. These observations emphasized the importance of relationships 

between soil pH and sorghum growth in the very good productivity zone. The correlation 

analysis (Table 5-10) indicated significant negative correlations of pH with sorghum yield. The 

high soil pH can cause severe Fe deficiency chlorosis that can greatly reduce the sorghum 

growth (Brown and Jones, 1974; Anderson, 1982; Anderson and Parkpian, 1988).  

   The relationships of interveinal chlorosis ratings with soil pH and oxalate-extractable Fe 

(Table 5-11) indicated that interveinal chlorosis was significantly positively correlated with soil 

pH at the lower two depths (r = 0.586 and r = 0.681). The negative correlation of interveinal 

chlorosis with oxalate-extractable Fe became stronger and significant at 45-60 cm depth. Soil pH 

is positively correlated with chlorotic symptoms in sorghum with r = 0.853*** (Loeppert et al., 
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1984) and r = 0.820*** (Loeppert and Hallmark, 1985). A significant increase in sorghum 

growth and Fe uptake can be achieved by acidification (Kannan and Ramani, 1984; Kalbasi et 

al., 1988). Chlorophyll concentration is also negatively correlated with soil pH (Morris et al., 

1990). The oxalate-extractable Fe that represents amorphous Fe has high surface area and 

reactivity and is the most readily mobilized inorganic form of Fe in the soil that affects its 

availability to plants (Vempati and Loeppert, 1988).  Oxalate-extractable Fe was the highest in 

poor, medium and good zones (Chapter 3, Table 3-5) and these zones had the lowest interveinal 

chlorosis. Oxalate-extractable Fe is negatively correlated with interveinal chlorosis up to r = - 

0.661 (Loeppert et al., 1984) and r = - 0.742 (Loeppert and Hallmark, 1985). Chlorophyll 

concentration is also correlated with oxalate-extractable Fe (r = 0.49**) (Morris et al., 1990). 

 The main effects of depth on chlorophyll index and root weight (Table 5-12) showed 

their continuous decrease with depth.  The effect of depth on sorghum growth parameters was 

similar to the variations in soil chemical and physical properties along the depth observed in 

Chapter 3.  

 The main effects of productivity zone and depth on radish leaf area and shoot weight are 

presented in Table 5-13. Leaf area and shoot weight decreased continuously with depth, showing 

maximum productivity in the surface 15 cm layer. For specific depths, analysis of variance 

showed that differences between productivity zones were pronounced at greater depths for both 

leaf area and shoot weight, suggesting that citrus yield in poor areas of the grove was limited by 

the shallow depth of productive soil available. At the mean depth of 0-60 cm, the leaf area and 

shoot weight increased along the productivity gradient, with the highest values in the upper four 

zones followed by the very poor productivity zone. 
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The effect of productivity zone on germination, chlorophyll index and root weight of 

radish (Table 5-14) showed that germination increased by about three times along the 

productivity gradient. Chlorophyll index decreased with productivity, possibly due to the dilution 

effect in the higher productivity zones. Root weights differed only in the poor and good 

productivity zones. 

The results of radish growth were very similar to sorghum growth between the productivity 

zones, except that radish could discriminate the productivity zones at greater depths, which was 

not the case in sorghum due to severe Fe chlorosis at the lower two depths. Dicotyledons and 

monocotyledons respond differently to Fe deficiency stress. Dicotyledons and non-graminaceous 

monocotyledons respond to Fe stress using strategy I mechanism by the release of H+ ions at the 

roots, release of reducing compounds, reduction of Fe3+ to Fe2+ by the roots, and increase in 

organic acids. On the other hand, graminaceous monocotyledons release phytosiderophores in 

response to Fe stress, which chelate and solubilize Fe (Brown and Jolley, 1986; Guerinot and Yi, 

1994). 

Out of graminaceous monocotyledons, sorghum has very low resistance to Fe deficiency 

due to the release of very small amounts of phytosiderophores (Pierson et al., 1986; Romheld 

and Marschner, 1986; Clark et al., 1988). Loeppert et al. (1984) selected three different 

geographic locations within USA to evaluate Fe chlorosis in sorghum and found sorghum to be 

moderately to severely susceptible to Fe chlorosis. Sorghum cultivars are Fe inefficient 

(Romheld et al., 1982;  Kannan and Ramani, 1984) and due to its high susceptibility to Fe 

chlorosis (Brown and Jones, 1975; Kannan, 1984; Anderson and Parkpian, 1988), sorghum is 

widely used as an indicator crop to evaluate Fe availability (Loeppert and Hallmark , 1985).   
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 The decrease in sorghum and radish growth with depth agrees with the decrease of soil 

organic matter, CEC, Mehlich I-extractable and oxalate-extractable nutrients, and soil water 

content discussed in Chapter 3. Although the very good productivity zone could not explain 

sorghum growth at all depth intervals due to chlorosis, the differences in sorghum and radish 

growth corresponded with variations in soil properties within the productivity zones.  

 The growth curves of sorghum shoot length (Figure 5-2) showed that differences between 

the productivity zones appeared at 28 days of growth. As observed for the results of ANOVA, 

the very good productivity zone had higher shoot lengths at 0-15 and 0-30 cm depths, but low 

values at 0-45 and 0-60 cm depths. The very poor zone had the lowest shoot lengths at 0-30 cm, 

but at 0-45 and 0-60 cm very poor and very good zones showed a similar pattern after 35 days. 

The growth curves of radish leaf area (Figure 5-3) showed that the differences between five 

productivity zones started appearing at later growth stages. Some decrease in leaf area at l5 days 

for the productivity zones with larger leaf areas was due to overlapping of the leaves. Comparing 

different depths, the very poor productivity zone was differentiated from the upper four 

productivity zones at the lower two soil depths, and at 0-15 cm, the very poor productivity zone 

had higher leaf area than the very good zone. However, at the lower two depths, differences 

between the productivity zones appeared at the initial growth stages. The photographs of radish 

plants grown in soil samples of different depths (Figure 5-4) also demonstrated the differences in 

productivity potential of very poor and very good zones at the greater soil depths. 

The spatial patterns of sorghum shoot weight and length (Figure 5-5) plotted for the 

cumulative root zone depth of 0-30 cm had a very similar pattern as observed for citrus tree 

canopy volume. Citrus tree canopy volume was better correlated with shoot weight compared 

with shoot length. Mapped radish shoot weight and leaf area (Figure 5-6) for the cumulative root 
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zone depth of 0-60 cm revealed spatial patterns similar to the citrus tree canopy volume. These 

spatial patterns of sorghum and radish growth parameters also mimicked the variable patterns of 

yield and NDVI in Chapter 2 (Figure 2-3). 

The growth parameters of sorghum and radish in the reference Candler soil series (Table 5-

15) did not decrease as much with depth as did the soils of the experimental citrus grove. 

Sorghum in the Candler soil performed better than the very good productivity zone soils. The 

interveinal chlorosis ratings were low in the Candler soil series and can be related to the low pH 

and high oxalate-extractable Fe in this soil with coated sand particles (Chapter 3, Table 3-8). 

The relationships of sorghum growth parameters with citrus production at four cumulative 

depths and at separate depth intervals (Table 5-16) revealed significant positive relationships of 

shoot weight at 0-30 cm depth for both yield and canopy volume. Sorghum growth parameters 

were negatively correlated with citrus production at 30-45 and 45-60 cm depths, as the very good 

zone had the lowest sorghum growth at these two depths. The correlation analysis between 

radish and citrus growth parameters (Table 5-17) showed positive relationships of radish leaf 

area and shoot weight to citrus yield and canopy volume. These relationships became stronger 

and significant at the increased cumulative depths, with the highest r value at 0-60 cm depth. The 

strongest correlation of sorghum shoot weight with citrus yield (r = 0.507) and canopy volume (r 

= 0.563) was at the individual depth interval of 45-60 cm. 

The relationships of sorghum (Table 5-18) and radish (Table 5-19) growth parameters with 

soil properties revealed their strong dependency on soil chemical and physical properties. 

Sorghum shoot length and weight, and radish leaf area and shoot weight had significant positive 

relationships with organic matter, Mehlich I-extractable P, K and Ca, oxalate-extractable Al and 

volumetric water content at PWP. The correlations were negative with sand and soil lightness 
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(L*). These relationships for sorghum increased with increasing cumulative depth up to 0-30 cm, 

but increases in r value occurred up to 0-60 cm depth for radish. The high r values for organic 

matter, oxalate-extractable Al and volumetric water content at PWP emphasized the important 

role of organic matter, coatings on sand grains, and water retention in affecting growth of various 

crops with contrasting physiologies and in explaining the productivity of the citrus grove. 

Regression analysis of sorghum shoot length and shoot weight with citrus yield and canopy 

volume (Table 5-20) illustrated that sorghum growth parameters could explain a large variability 

in citrus yield and canopy volume by the addition of the 15-30 cm depth. Although R2 increased 

with the addition of the lower two depth intervals, the correlation was negative at those depths 

(Table 5-15).The regression analysis of radish (Table 5-21) indicated that percentage 

contribution to citrus production variation increased with the additional depth intervals. The 

highest contribution was observed with the addition of all depth intervals for both citrus yield (R2 

~ 0.44) and canopy volume (R2 ~ 0.51 to 0.55). 

 For the combined analysis of sorghum and radish experiments, the homogeneity of 

variances was tested and the data were transformed to combine the two experiments. The results 

of combined ANOVA (Table 5-22), indicated the significant effect of crop, productivity zone, 

depth, and their interactions on shoot weight. The simple effects of crop and productivity zone 

on shoot weight of sorghum and radish (Table 5-23) showed similar shoot weights for very poor, 

poor, medium and good zones for sorghum and poor, medium, good and very good zones for 

radish. The lowest shoot weights were in the very poor zone for the radish, but in the very good 

zone for sorghum because the lowest sorghum growth occurred in the very good zone at 30-45 

and 45-60 cm depths. The simple effects of crop and depth (Table 5-24) indicated the lowest 
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shoot weights for both crops at 45-60 cm depth. These results were in agreement with the 

variations in soil properties with depth discussed in Chapter 3. 

The growth parameters of sorghum and radish used as indictor crops and their relationships 

with citrus production and soil properties revealed that the productivity of citrus groves at 

different depths can be explained using indicator crop bioassays. Sorghum could explain 

productivity up to the 0-30 cm depth, where its growth increased with the productivity gradient. 

The second indicator crop (radish) could better explain the productivity at 0-60 cm depth, 

demonstrating the important role of cumulative root zone depth of 60 cm in differentiating the 

productivity of the citrus grove. 

Weed Cover as a Productivity Index of Citrus Grove 

 Weed cover was highly variable within the grove and increased by about five times along 

the productivity gradient (Table 5-25). The effect of productivity zone on weed cover (Table 5-

26) showed its continuous increase along the productivity gradient. These results were in 

agreement with the observed weed cover in the five productivity zones of the citrus grove 

(Figure 5-7). The interpolated maps of weed cover and citrus tree canopy volume (Figure 5-8) 

represented the similarity of their spatial distribution within the grove.  

 Weed cover was strongly positively correlated with yield (r = 0.85, p<0.0001) and 

canopy volume (r = 0.92, p<0.0001). The correlation analysis of weed cover with soil properties 

at four cumulative depths (Table 5-27) implied a strong relationship between weed cover and soil 

properties in the grove. Weed cover was strongly positively correlated with organic matter, CEC, 

Mehlich I-extractable nutrients, silt, fine sand fraction, and volumetric water content at PWP. 

The relationships were negative with lightness, total sand, coarse sand, and medium sand 

fractions. The relationship between weed cover and soil properties were stronger at the greater 
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depths. This relationship was very similar to the relationships between citrus production and soil 

properties discussed in Chapter 4 (Tables 4-1 and 4-2).  

 Weed cover was strongly related to citrus growth parameters and soil properties. The 

relationships with soil properties increased with depth, indicating that weed cover in the citrus 

grove is considerably affected by the horizontal and vertical variations in soil properties, and that 

the weeds in the citrus grove have the potential to explain the productivity of the grove. 

Relationship between three crops used as indices of citrus grove productivity (Table 5-28), 

indicated that sorghum shoot weights were significantly positively correlated with radish at 0-15 

and with weeds at 0-15 and 15-30 cm depths. Radish was significantly positively correlated with 

weed cover at the lower three depths.   

Sorghum and radish as bio-indicator crops responded to most soil differences and showed 

variability of potential citrus grove productivity, suggesting that the indicator crops could be 

useful for identifying limitations to production that are not easily measured by standard 

laboratory chemical and physical analysis. Secondly, the relationships between indicator crops, 

citrus production and soil properties demonstrated the role of cumulative root zone depth of 60 

cm in explaining the citrus grove productivity. 

Summary and Conclusions 

 Greenhouse bioassay experiments with sorghum and radish as indicator crops were used 

to compare the productivity of five zones of the citrus grove. Sorghum and radish were grown in 

soil samples collected from 30 field positions at four depths. Analysis of variance showed that 

differences between productivity zones were pronounced at 0-30 cm depth for sorghum shoot 

length and shoot weight, and 30-45 and 45-60 cm depths for radish leaf area and shoot weight. 

The sorghum plants in very good zone soils had the lowest shoot growth due to severe Fe 

chlorosis. Correlation and regression analysis revealed strong relationships between growth 
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parameters and soil properties at greater depths. The strongest relationships between the 

indicator crops and soil properties at 0-60 cm depth demonstrated the important role of 

cumulative root zone depth of 60 cm in differentiating the productivity of the citrus grove. Weed 

cover also represented very strong relationships with citrus growth parameters and soil 

properties, and these relationships increased with depth. 

 The results of the bioassay experiments showed that citrus yield in the poor areas of the 

grove was limited by the shallow depth of productive soil. Productivity of the citrus could be 

successfully mapped using indicator crop bioassays with soil samples taken at multiple depths.  

The less productive portions of the grove that are unsuitable for deep-rooted perennial 

crops like citrus can be used for shallow rooted crops. Topsoil sampling alone, as commonly 

practiced, proved to be unsuitable for defining the variable citrus productivity of these soils, but 

may be adequate for shallow-rooted annual crops. 
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Table 5-1. Summary statistics of growth parameters of sorghum and radish at 0-60 cm depth. 
Parameter Minimum Maximum Mean S.D. C.V. (%) Skewness 
Sorghum 
Germination, %  12.5   52.5 37.7 10.11 26.83 -0.86 
Shoot length, m     0.34    0.44   0.40  0.03  7.10 -0.06 
Shoot weight, Mg ha-1   5.8  13.5 10.0  1.8 17.9   0.26 
Root weight, Mg ha-1  10.2  23.5 13.8  2.8 20.1   2.0 
Chlorophyll index  21.1   28.0 24.6  1.75  7.1   0.03 
Radish 
Germination, % 17.5  80.0 50.7 17.53 34.55 -0.09 
Leaf area, cm2 pot-1  9.7  18.2 13.6  2.40 17.63   0.10 
Shoot weight, Mg ha-1 2.09   3.87  2.98  0.53 17.89   0.08 
Root weight, Mg ha-1 0.06   0.10  0.07  0.01 12.02   0.56 
Chlorophyll index 23.0 35.0 28.6  3.78 13.22   0.51 

 
Table 5-2. Effect of five productivity zones and four depths on growth parameters of sorghum 

and radish. 

Parameter Main Effect† Interaction† 
Productivity zone‡ Depth§ Productivity zone *Depth 

Sorghum 
Germination ***  NS NS 
Shoot length  *** *** NS 
Shoot weight  *** *** NS 
Root weight  NS ** NS 
Chlorophyll index NS *** NS 
Radish 
Germination  *** NS NS 
Leaf area  *** *** NS 
Shoot weight  *** *** NS 
Root weight  * NS NS 
Chlorophyll index¶ *** -- -- 

† NS, nonsignificant at 0.05 probability level, *, **, *** significant at the 0.05, 0.01 and 0.001 
probability level, respectively. 

‡ Five productivity zones are very poor, poor, medium, good and very good. 
§ Four depths are 0-15, 15-30, 30-45 and 45-60 cm. 
¶  Chlorophyll index data collected for one depth. 
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Table 5-3.  Main effects of productivity zone and depth on germination, shoot length and shoot 
weight of sorghum. 

Depth (cm) Productivity zone Mean (Depth)‡ 
Very Poor Poor Medium Good Very Good 

Germination, % 

0-15  33.3ab¶ 45.0a 50.0a 36.7ab 28.3b 38.7NS† 
15-30   16.7b 40.0a 38.3a 50.0a 36.7a 36.3 NS 
30-45  21.7b 43.3ab 33.3ab 55.0a 41.7ab 39.0 NS 
45-60  15.0b 45.0a 40.0a 38.3a 45.0a 36.7 NS 
Mean (Zone)  21.7B§ 43.3A 40.4A 45.0A 37.9A 37.7 NS 

Shoot length, m 
0-15   0.407NS  0.415 NS  0.441 NS  0.429 NS  0.424 NS  0.423 A 
15-30   0.386 NS  0.408 NS  0.415 NS  0.404 NS  0.408 NS  0.404 AB 
30-45   0.388ab  0.405a  0.412a  0.386ab  0.327b  0.383BC 
45-60   0.361 NS  0.400 NS  0.415 NS  0.360 NS  0.348 NS  0.376C 
Mean (Zone)   0.385BC  0.407AB  0.421A  0.395ABC  0.376C  0.397 

Shoot weight, Mg ha-1 
0-15 11.1 NS 12.2 NS 14.2 NS 14.0 NS 12.4 NS 12.8A 
15-30   9.9  NS 11.6  NS 11.6 NS 12.2  NS 12.3  NS 11.5A 
30-45   8.5 NS   9.6 NS  9.1 NS  9.0 NS   5.1 NS   8.3B 
45-60   7.6 NS   9.0 NS  8.6 NS  7.9 NS   4.7 NS   7.6B 
Mean (Zone)   9.3ABC 10.6AB 10.9A 10.8A   8.6BC 10.0 
Mean 0-30 cm  10.51B 11.87AB 12.92A 13.12A 12.37A  
† NS, nonsignificant at 0.05 probability level. 

‡ Within column, means of four depths averaged across five productivity zones with same 
uppercase letter are not significantly different (p>0.05) by the Tukey test. 

§ Within row, means of five productivity zones averaged across four depths with same uppercase 
letter are not significantly different (p>0.05) by the Tukey test. 

¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 
significantly different (p>0.05) by the Tukey test. 
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Table 5-4. Effect of five productivity zones and four depths on interveinal chlorosis ratings, 
nutrient concentration and nutrient uptake of sorghum. 

Parameter Main Effect† Interaction† 
Productivity zone‡ Depth§ Productivity zone *Depth 

Interveinal chlorosis rating ** ** NS 
Leaf nutrient status 
P  NS NS NS 
K  NS NS NS 
Ca  NS NS NS 
Mg NS NS NS 
S  NS NS NS 
B  NS NS NS 
Zn NS NS NS 
Mn NS * NS 
Fe  NS NS ** 
Nutrient uptake  
P  NS NS NS 
K  NS NS NS 
Ca  NS NS NS 
Mg NS NS NS 
S  NS NS NS 
B  NS NS NS 
Zn NS NS NS 
Mn ** *** ** 
Fe  *** *** *** 
† NS, nonsignificant at 0.05 probability level, *, **, *** significant at the 0.05, 0.01 and 0.001 

probability level, respectively. 
‡ Five productivity zones are very poor, poor, medium, good and very good. 
§ Four depths are 0-15, 15-30, 30-45 and 45-60 cm. 
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Table 5-5. Main effects of productivity zone and depth on interveinal chlorosis ratings of 
sorghum leaves. 

Depth (cm) Productivity zone Mean (Depth)‡ 
Very Poor Poor Medium Good Very Good 

0-15 3.0NS 2.0 NS 0.8 NS 1.3 NS 1.2 NS 1.7B 
15-30 2.3NS 1.3 NS 1.5 NS 0.8 NS 2.0 NS 1.6B 
30-45 2.0ab 2.3ab 1.5b 1.5b 4.2a 2.3AB 
45-60 4.0ab 1.5b 1.7ab 2.7ab 4.2a 2.8A 
Mean (Zone) 2.8A 1.8AB 1.4B 1.6B 2.9A 2.1 
† NS, nonsignificant at 0.05 probability level. 

‡ Within column, means of four depths averaged across five productivity zones with same 
uppercase letter are not significantly different (p>0.05) by the Tukey test. 

§ Within row, means of five productivity zones averaged across four depths with same uppercase 
letter are not significantly different (p>0.05) by the Tukey test. 

¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 
significantly different (p>0.05) by the Tukey test. 

 
 

Table 5-6. Main effect of depth on Mn concentration of sorghum leaves. 
Depth (cm) Mn, mg kg-1 
0-15  12.74a† 
15-30 10.64ab 
30-45   9.61ab 
45-60   9.06b 

     † Within column, means with same letter are not significantly different (p>0.05) by Tukey test. 
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Table 5-7. Simple effects of nutrient concentration and nutrient uptake of sorghum. 

Productivity 
zone Depth (cm) 

Nutrient concentration,  
mg kg-1 

Nutrient uptake,  
kg ha-1 

Fe  Mn  Fe 
Very poor 0-15 23.91 abc† 0.105 ab 0.265 a 
 15-30 29.19 abc 0.058 abc 0.290 a 
 30-45 21.42 abc 0.172 ab 0.180 ab 
 45-60 37.01 ab 0.040 bc 0.288 a 
Poor 0-15 23.02 abc 0.127 ab 0.280 a 
 15-30 19.69 abc 0.119 ab 0.230 a 
 30-45 28.47 abc 0.061 abc 0.280 a 
 45-60 27.31 abc 0.116 abc 0.239 a 
Medium 0-15 24.72 abc 0.269 a 0.352 a 
 15-30 27.69 abc 0.141 ab 0.320 a 
 30-45 25.80 abc 0.077 ab 0.251 a 
 45-60 26.11 abc 0.099 ab 0.214 a 
Good 0-15 19.49 abc 0.139 ab 0.274 a 
 15-30 33.59 abc 0.157 ab 0.408 a 
 30-45 23.89 abc 0.069 abc 0.221 a 
 45-60 39.99 a 0.143 abc 0.327 a 
Very good 0-15 31.96 abc 0.168 ab 0.402 a 
 15-30 27.88 abc 0.141 ab 0.351 a 
 30-45 17.00 bc 0.023 c 0.090 bc 
 45-60 12.45 c 0.019 c 0.065 c 
† Within column, means with same letter are not significantly different (p>0.05) by Tukey test. 

The concentration of Mn was affected significantly by depth only  
 

Table 5-8. Relationship between sorghum growth parameters and interveinal chlorosis ratings of  
sorghum leaves. 

Depth (cm) Germination Shoot length  Shoot weight Root weight Chlorophyll index 
0-15  -0.269† -0.488 -0.639 -0.045  0.138 
  0.151‡  0.006  0.0001  0.815  0.467 
15-30 -0.490 -0.268 -0.469 -0.138 -0.009 
  0.006  0.152  0.009  0.467  0.960 
30-45 -0.080 -0.462 -0.497  0.221 -0.360 
  0.673  0.010  0.005  0.241  0.045 
45-60 -0.377 -0.521 -0.611 -0.035 -0.424 
  0.040  0.003  0.0003  0.854  0.019 

† Correlation coefficient (r), n = 30. 
‡  Prob > r.     
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Table 5-9. Soil pH and sorghum shoot weight in the soils of very good productivity zone. 

Depth (cm) Field replication Mean R1 R2 R3 R4 R5 R6 
Soil pH 
0-15 7.6 7.1 7.1 6.9 6.9 7.4 7.2 
15-30 8.0 7.3 7.2 7.2 7.2 7.5 7.4 
30-45 8.0 7.8 6.0 6.9 7.0 8.0 7.3 
45-60 8.0 7.8 6.1 6.6 7.0 7.8 7.2 
Mean 7.9 7.6 6.6 6.9 7.0 7.7 7.3 
Sorghum shoot weight,  Mg ha-1 
0-15 9.68 14.28 10.64 12.16 13.92 13.80 12.41 
15-30 9.52 13.64 13.92 12.12 12.04 12.72 12.33 
30-45 1.88 1.79 12.35 6.70 6.10 1.95 5.13 
45-60 2.00 1.98 7.40 7.10 7.89 1.86 4.71 
Mean 5.77 7.92 11.08 9.52 9.99 7.58 8.64 

 
Table 5-10. Relationships of sorghum shoot weight with pH of soils from very good productivity 

zone.  
Depth (cm) Correlation coefficients  
0-15 -0.447† 
  0.374‡ 
15-30 -0.801 
  0.055 
30-45 -0.992 
 <0.001 
45-60 -0.913 
  0.011 
0-60  -0.966 
  0.002 
† Correlation coefficient (r), n = 6. 
‡  Prob > r.     
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Table 5-11. Relationship of interveinal chlorosis ratings with soil pH and oxalate-extractable Fe 
at four depth intervals.  

Depth (cm) pH Oxalate-extractable Fe 
0-15 0.115† -0.045 
 0.545‡ 0.814 
15-30 -0.096 -0.331 
 0.612 0.074 
30-45 0.586 -0.131 
 0.001 0.489 
45-60 0.681 -0.369 
 <.0001 0.045 
†Correlation coefficient (r), n = 30. 
‡  Prob > r.     
 

Table 5-12. Main effect of depth on chlorophyll index and root weight of sorghum. 
Depth (cm) Chlorophyll index Root weight, Mg ha-1 
0-15 26.9a† 15.8a 
15-30 25.8a 14.3ab 
30-45 23.5b 12.9b 
45-60 22.2b 12.1b 

† Within column, means with same letter are not significantly different (p>0.05) by the Tukey 
test. 
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Table 5-13. Effect of productivity zone and depth on leaf area and shoot weight of radish. 

Depth (cm) Productivity zone Mean (Depth)‡ 
Very Poor Poor Medium Good Very Good 

Leaf area, cm2 pot-1 

0-15 16.4NS† 21.2 NS 19.9 NS 23.2 NS 15.0 NS 19.1A 
15-30   9.8b¶ 11.9ab 13.6ab 12.6ab 13.8a 12.3B 
30-45  8.4b 11.5ab 13.1a 12.5ab 12.9a 11.7B 
45-60  8.5b 10.0b 10.2b 14.9a 13.1a 11.3B 
Mean (Zone) 10.8B§ 13.6AB 14.2A 15.8A 13.7A 13.6 

Shoot weight, Mg ha-1 
0-15  3.34b  4.55a  4.63a  5.05a 3.35b  4.18A 
15-30  2.25NS  2.57 NS  2.92 NS 2.68 NS 2.97 NS  2.68B 
30-45  1.84b  2.67a  2.90a 2.77a 2.69a  2.57B 
45-60  1.81c  2.29bc  2.34bc 3.19a 2.76ab  2.48B 
Mean (Zone)  2.31B  3.02A  3.20A 3.42A 2.94A  2.98 
† NS, nonsignificant at 0.05 probability level. 

‡ Within column, means of four depths averaged across five productivity zones with same 
uppercase letter are not significantly different (p>0.05) by the Tukey test. 

§ Within row, means of five productivity zones averaged across four depths with same uppercase 
letter are not significantly different (p>0.05) by the Tukey test. 

¶ Within row, means of five productivity zones at each depth with same lowercase letter are not 
significantly different (p>0.05) by the Tukey test. 
 

Table 5-14.  Main effects of productivity zone on germination, chlorophyll index and root   
weight of radish. 

Productivity zone Germination, % Chlorophyll index Root weight, Mg ha-1 
Very poor 27.5d† 33.8a 0.079ab 
Poor 43.3c 30.5b 0.067b 
Medium 58.3ab 27.8bc 0.074ab 
Good 55.4bc 25.2c 0.082a 
Very good 69.2a 25.5c 0.073ab 

† Within column, means with same letter are not significantly different (p>0.05) by the Tukey 
test. 
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Table 5-15. Growth parameters and chlorophyll status of sorghum in Candler soil series. 

Parameter Depth (cm) 
0-15  15-30 30-45 45-60 

Sorghum 
Germination, % 80.0 70.0 80.0 70.0 
Shoot length, m   0.40  0.41  0.38  0.43 
Shoot weight, Mg ha-1 12.96 12.64 12.44  9.20 
Root weight, Mg ha-1 19.64 25.00  9.68 10.36 
Chlorophyll index 25.8 27.7 25.7 28.1 
Interveinal chlorosis rating   0   1   2   2 
Radish 
Germination, % 70.0 60.0 30.0 30.0 
Leaf area, cm2 pot-1 18.70 11.80 11.36  9.27 
Shoot weight, Mg ha-1  3.96  2.56  2.28  1.96 
Root weight, Mg ha-1  0.08  0.07  0.06  0.06 
Chlorophyll index 24.5 27.2 26.4 25.6 
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Table 5-16. Relationship of shoot length, shoot weight and root weight of sorghum with citrus 
yield and canopy volume. 

Sorghum growth parameters Cumulative depth (cm) Citrus growth parameters 
Yield Canopy volume 

Shoot length  0-15  0.141 NS†  0.198 NS 
 0-30  0.225 NS  0.255 NS 
 0-45 -0.022 NS -0.08 NS 
 0-60 -0.034 NS -0.153 NS 
Shoot weight  0-15  0.275 NS  0.297 NS 
 0-30  0.486*  0.427** 
 0-45  0.213 NS  0.051 NS 
 0-60  0.118 NS -0.112 NS 
Root weight  0-15  0.134 NS  0.111 NS 
 0-30  0.124 NS  0.130 NS 
 0-45  0.084 NS  0.055 NS 
 0-60  0.0006 NS -0.039 NS 

Separate depth intervals (cm) 
Shoot length  15-30  0.241 NS   0.194 NS 
 30-45 -0.286 NS -0.409* 
 45-60 -0.024 NS -0.206 NS 
Shoot weight  15-30  0.520**  0.385* 
 30-45 -0.156 NS -0.352* 
 45-60 -0.065 NS -0.318 NS 
Root weight  15-30  0.092 NS  0.121 NS 
 30-45 -0.034 NS -0.136 NS 
 45-60 -0.278 NS -0.315 NS 
† NS, nonsignificant at 0.05 probability level, *, **, *** significant at the 0.05, 0.01 and 0.001 

probability level, respectively, n = 30. 
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Table 5-17. Relationship of leaf area, shoot weight and root weight of radish with citrus yield 
and canopy volume. 

Radish growth parameters Cumulative depth (cm) Yield Canopy volume 
Leaf area  0-15  0.251 NS†  0.002NS 
 0-30  0.393*  0.189 NS 
 0-45  0.483**  0.323 NS 
 0-60  0.586***  0.488* 
Shoot weight  0-15  0.321 NS  0.077 NS 
 0-30  0.447*  0.241 NS 
 0-45  0.489**  0.316 NS 
 0-60  0.577***  0.459* 
Root weight  0-15  0.105 NS -0.113 NS 
 0-30  0.211 NS  0.072 NS 
 0-45  0.063 NS -0.032 NS 
 0-60  0.075 NS  0.064 NS 

Separate depth intervals (cm) 
Leaf area  15-30  0.473**  0.509** 
 30-45  0.405*  0.434* 
 45-60  0.496***  0.597*** 
Shoot weight  15-30  0.429*  0.436* 
 30-45  0.375*  0.336* 
 45-60  0.507**  0.563** 
Root weight  15-30  0.212 NS  0.232 NS 
 30-45 -0.225 NS -0.161 NS 
 45-60  0.014 NS  0.086 NS 
† NS, nonsignificant at 0.05 probability level, *, **, *** significant at the 0.05, 0.01 and 0.001 

probability level, respectively, n = 30. 
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Table 5-18. Relationship of shoot length, shoot weight and root weight of sorghum with selected soil properties at four depths. 

Soil property Shoot length  Shoot weight  Root weight  
0-15 0-30 0-45 0-60 0-15 0-30 0-45 0-60 0-15 0-30 0-45 0-60 

OM  0.248†  0.456  0.196 0.168 0.498 0.566 0.326 0.170 -0.081 -0.169 -0.168 -0.201 
 0.187‡  0.011  0.300  0.374  0.005  0.001  0.079  0.368  0.671  0.373  0.375  0.288 

CEC  0.112  0.328  0.005 -0.085  0.363  0.472  0.147 -0.064 -0.182 -0.127 -0.131 -0.199 
 0.555  0.077  0.981  0.654  0.048  0.009  0.439  0.736  0.335  0.503  0.491  0.292 

Mehlich  I-
extractable  P 

 0.403  0.474  0.111  0.035  0.561  0.569  0.286  0.084  0.269  0.155  0.072 -0.020 
 0.027  0.008  0.560  0.854  0.001  0.001  0.125  0.659  0.151  0.414  0.705  0.918 

Mehlich I-
extractable K 

 0.471  0.474  0.243  0.197  0.674  0.549  0.325  0.149  0.115  0.074  0.073  0.039 
 0.009  0.008  0.195  0.297 <.0001  0.002  0.080  0.433  0.545  0.698  0.702  0.838 

Mehlich I-
extractable Ca 

 0.224  0.331 -0.057 -0.199  0.481  0.482  0.111 -0.125 -0.128 -0.083 -0.073 -0.152 
 0.234  0.075  0.765  0.292  0.007  0.007  0.560  0.512  0.499  0.663  0.702  0.422 

Oxalate-
extractable Al 

 0.248  0.394  0.157  0.195  0.475  0.577  0.319  0.193  0.185  0.043 -0.002 -0.049 
 0.186  0.031  0.408  0.301  0.008  0.001  0.086  0.306  0.328  0.820  0.993  0.798 

L*, lightness  0.017 -0.346 -0.075 -0.037 -0.002 -0.295 -0.095  0.036  0.162  0.101  0.123  0.157 
 0.928  0.061  0.694  0.848  0.992  0.113  0.619  0.848  0.392  0.596  0.516  0.407 

a*, red green 
scale 

-0.171  0.098 -0.152 -0.290  0.068  0.244 -0.037 -0.141 -0.187 -0.119 -0.194 -0.282 
 0.366  0.606  0.421  0.120  0.723  0.194  0.844  0.458  0.323  0.533  0.305  0.131 

b*, yellow blue 
scale 

 0.040  0.269  0.151  0.197  0.264  0.512  0.369  0.296  0.207  0.105  0.037 -0.029 
 0.835  0.151  0.427  0.297  0.159  0.004  0.045  0.112  0.272  0.579  0.846  0.881 

Sand -0.180 -0.310 -0.002 -0.038 -0.358 -0.323 -0.008  0.079  0.199  0.197  0.188  0.166 
 0.340  0.096  0.991  0.844  0.052  0.081  0.966  0.678  0.293  0.296  0.321  0.379 

Silt -0.181  0.291  0.004 -0.090 -0.177  0.335  0.024 -0.028 -0.184 -0.179 -0.164 -0.122 
 0.337  0.119  0.983  0.634  0.350  0.070  0.901  0.883  0.329  0.344  0.386  0.521 

Coarse sand  0.213  0.236  0.433  0.464  0.280  0.242  0.485  0.416  0.102 -0.060  0.003 -0.016 
 0.260  0.209  0.017  0.010  0.134  0.198  0.007  0.022  0.593  0.754  0.989  0.933 

Medium sand  0.067  0.045  0.336  0.412  0.065  0.034  0.364  0.426  0.052 -0.088 -0.080 -0.082 
 0.726  0.812  0.070  0.024  0.732  0.858  0.048  0.019  0.784  0.643  0.673  0.667 

Fine sand  0.090  0.035 -0.112 -0.066  0.067  0.102 -0.119 -0.129  0.069  0.211  0.164  0.183 
 0.635  0.856  0.557  0.729  0.725  0.591  0.531  0.497  0.716  0.263  0.387  0.334 

PWP§  0.243  0.536  0.148  0.065  0.467  0.518  0.227  0.029 -0.021 -0.051 -0.044 -0.020 
 0.195  0.002  0.436  0.731  0.009  0.003  0.228  0.877  0.912  0.787  0.817  0.917 

† Correlation coefficient (r), n = 30; ‡  Prob > r;   §  Volumetric  water content at permanent wilting point. 
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Table 5-19. Relationship of leaf area, shoot weight and root weight of radish with selected soil properties at four depths.  

Soil property Leaf area  Shoot weight Root weight  
0-15 0-30 0-45 0-60 0-15 0-30 0-45 0-60 0-15 0-30 0-45 0-60 

OM  0.587†  0.673  0.722   0.720  0.637  0.687  0.705  0.698  0.284  0.133 -0.160 -0.093 
 0.001‡ <.0001 <.0001 <.0001  0.0002 <.0001 <.0001 <.0001  0.128  0.484  0.400  0.625 

CEC  0.394  0.557  0.622  0.651  0.421  0.567  0.577  0.603  0.173  0.054 -0.186 -0.099 
 0.031  0.001  0.0002 <.0001  0.021  0.001  0.001  0.0004  0.361  0.778  0.325  0.602 

Mehlich  I-
extractable  P 

 0.374  0.420  0.551  0.592  0.441  0.519  0.602  0.616 -0.087 -0.129 -0.239 -0.099 
 0.042  0.021  0.002  0.001  0.015  0.003  0.0004  0.0003  0.647  0.496  0.204  0.603 

Mehlich I-
extractable K 

 0.613  0.595  0.669  0.653  0.663  0.630  0.664  0.650  0.370  0.091 -0.142 -0.017 
 0.0003  0.001 <.0001 <.0001 <.0001  0.0002 <.0001  0.0002  0.044  0.631  0.455  0.927 

Mehlich I-
extractable Ca 

 0.382  0.444  0.464  0.492  0.406  0.469  0.426  0.448  0.118  0.146 -0.102 -0.041 
 0.037  0.014  0.009  0.006  0.026  0.008  0.018  0.103  0.534  0.809  0.590  0.828 

Oxalate-
extractable Al 

 0.415  0.500  0.612  0.672  0.542  0.595  0.674  0.714  0.001 -0.014 -0.201 -0.049 
 0.023  0.005  0.0003 <.0001  0.002  0.0005 <.0001 <.0001  0.998  0.939  0.287  0.796 

L*, lightness -0.121 -0.378 -0.419 -0.406 -0.046 -0.356 -0.372 -0.355 -0.015 -0.113  0.075  0.128 
 0.526  0.040  0.021  0.026  0.809  0.053  0.043  0.054  0.938  0.551  0.692  0.500 

a*, red green 
scale 

 0.307  0.379  0.456  0.516  0.226  0.341  0.365  0.427  0.273  0.193  0.134  0.138 
 0.098  0.039  0.011  0.004  0.230  0.065  0.047  0.019  0.145  0.307  0.479  0.468 

b*, yellow blue 
scale 

 0.246  0.364  0.547  0.632  0.353  0.488  0.634  0.721  0.029 -0.042 -0.194 -0.058 
 0.190  0.048  0.002  0.0002  0.056  0.006  0.0002 <.0001  0.879  0.824  0.303  0.761 

Sand -0.336 -0.446 -0.467 -0.466 -0.283 -0.366 -0.382 -0.418 -0.129 -0.108  0.110  0.152 
 0.069  0.014  0.009  0.010  0.130  0.047  0.037  0.022  0.495  0.569  0.561  0.422 

Silt -0.187  0.462  0.490  0.072 -0.276  0.386  0.413 -0.009 -0.128  0.127 -0.116 -0.094 
 0.321  0.010  0.006  0.705  0.140  0.035  0.023  0.961  0.502  0.502  0.543  0.622 

Coarse sand  0.370  0.389  0.496  0.408  0.399  0.426  0.558  0.472  0.096 -0.020 -0.120  0.031 
 0.044  0.034  0.005  0.025  0.029  0.019  0.001  0.008  0.613  0.916  0.528  0.870 

Medium sand  0.238  0.179  0.256  0.120  0.252  0.216  0.326  0.201  0.001 -0.111  0.016  0.121 
 0.205  0.343  0.172  0.527  0.180  0.251  0.078  0.288  0.994  0.558  0.933  0.524 

Fine sand -0.228 -0.107  0.010  0.077 -0.176 -0.068  0.024  0.094 -0.148 -0.186 -0.218 -0.117 
 0.227  0.572  0.959  0.685  0.353  0.722  0.900  0.621  0.435  0.326  0.247  0.538 

PWP§  0.410  0.496  0.583  0.614  0.454  0.537  0.596  0.632  0.153  0.007 -0.320 -0.180 
 0.025  0.005  0.001  0.0003  0.012  0.002  0.001  0.0002  0.418  0.971  0.085  0.342 

† Correlation coefficient (r), n = 30; ‡  Prob > r;   §  Volumetric  water content at permanent wilting point. 
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Table 5-20. Regression analysis of sorghum shoot length and shoot weight with citrus yield and tree canopy volume. 

Depth (cm)§ 
Citrus yield Citrus tree canopy volume 

Shoot length  Shoot weight  Shoot length  Shoot weight   
D1 0.022† 0.076 0.041 0.088 
 0.437‡ 0.141 0.281 0.111 
D1+D2 0.092 0.298 0.084 0.196 
 0.271 0.008 0.295 0.050 
D1+D2+D3 0.275 0.391 0.432 0.429 
 0.036 0.004 0.002 0.002 
D1+D2+D3+D4 0.282 0.393 0.433 0.438 
 0.071 0.011 0.005 0.005 
Mean Depth 0.001 0.014 0.021 0.012 
 0.895 0.532 0.445 0.556 
† Coefficient of determination (R2), n = 30. 
‡  Prob > R2.    
§D1= 0-15 cm, D2= 15-30 cm, D3= 30-45 cm, D4= 45-60 cm, Mean Depth= Weighted average of D1, D2, D3 and D4. 
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Table 5-21. Regression analysis of leaf area, shoot weight and root weight of radish with citrus yield and canopy volume. 

Depth (cm) § Citrus yield Citrus tree canopy volume 
Leaf area  Shoot weight  Leaf area  Shoot weight  

D1 0.063† 0.103 0.00004† 0.006 
 0.181‡ 0.084 0.992‡ 0.687 
D1+D2 0.251 0.248 0.269 0.190 
 0.020 0.021 0.014 0.058 
D1+D2+D3 0.293 0.279 0.316 0.232 
 0.026 0.033 0.018 0.072 
D1+D2+D3+D4 0.436 0.445 0.555 0.513 
 0.005 0.004 0.0003 0.001 
Mean Depth  0.343 0.333 0.238 0.210 
 0.001 0.001 0.006 0.011 

    † Coefficient of determination (R2), n= 30. 
‡ Prob > R2.    
§ D1= 0-15 cm, D2= 15-30 cm, D3= 30-45 cm, D4= 45-60 cm, Mean Depth= Weighted average of D1, D2, D3 and D4. 
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Table 5-22. Combined analysis of variance results for sorghum and radish shoot weights. 
Source of variation Significance† 
Crop *** 
Rep(crop) NS 
Productivity zone *** 
Depth *** 
Crop * Productivity zone * 
Crop * Depth * 

† NS, nonsignificant at 0.05 probability level, *, **, *** significant at the 0.05, 0.01  
  and 0.001 probability level, respectively. 
 

Table 5-23. Simple effects of crop and productivity zone on shoot weights of sorghum and 
radish. 

Crop Productivity zone Shoot weight, % 
Sorghum Very poor 63.3 ab† 
Sorghum Poor 72.5 ab 
Sorghum Medium 73.8 a 
Sorghum Good 72.9 a 
Sorghum Very good 57.6 bc 
Radish Very poor 46.8 c 
Radish Poor 60.7 ab 
Radish Medium 64.9 ab 
Radish Good 68.6 ab 
Radish Very good 61.5 ab 
† Within column, means with same letter are not significantly different (p>0.05) by the Tukey 

test. 
 
Table 5-24. Simple effects of crop and depth on shoot weights of sorghum and radish. 

Crop Depth (cm ) Shoot weight, % 
Sorghum 0-15 70.53 ab† 
Sorghum 15-30 82.89 a 
Sorghum 30-45 62.20 abc 
Sorghum 45-60 56.48 d 
Radish 0-15 60.11 abc 
Radish 15-30 65.62 abc 
Radish 30-45 63.73 abc 
Radish 45-60 52.51 d 

† Within column, means with same letter are not significantly different (p>0.05) by the Tukey 
test. 
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Table 5-25. Summary statistics of weed cover in the citrus grove. 
Minimum 20.0 
Maximum 100.0 
Mean 62.7 
Standard Deviation 30.0 
CV (%) 48.0 
Skewness -0.11 

 
Table 5-26.  Weed cover in different productivity zones of the citrus grove. 

Productivity zone Weed cover, % 
Very Poor 20c† 
Poor 47b 
Medium 63b 
Good 87a 
Very Good 97a 

 † Within column, means with same letter are not significantly different (p>0.05) by the Tukey 
test. 
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Table 5-27. Relationship of weed cover with soil properties at four cumulative depths. 

Soil property Depth of soil properties 
0-15 0-30 0-45 0-60 

OM   0.659†  0.740  0.790  0.821 
<.0001‡ <.0001 <.0001 <.0001 

CEC  0.593  0.700  0.773  0.808 
 0.001 <.0001 <.0001 <.0001 

Mehlich  I-
extractable  P 

 0.567  0.716  0.807  0.878 
 0.001 <.0001 <.0001 <.0001 

Mehlich I-
extractable K 

 0.410  0.597  0.678  0.687 
 0.024  0.001 <.0001 <.0001 

Mehlich I-
extractable Ca 

 0.500  0.595  0.641  0.661 
 0.005  0.0005  0.0001 <.0001 

Oxalate-extractable 
Al 

 0.783  0.754  0.796  0.827 
<.0001 <.0001 <.0001 <.0001 

L*, lightness -0.357 -0.595 -0.695 -0.753 
 0.053  0.001 <.0001 <.0001 

a*, red green scale  0.396  0.417  0.472  0.499 
 0.031  0.022  0.008  0.005 

b*, yellow blue scale  0.392  0.529  0.637  0.656 
 0.032  0.003  0.0002 <.0001 

Sand -0.475 -0.577 -0.703 -0.692 
 0.008  0.001 <.0001 <.0001 

Silt -0.119  0.617  0.736  0.158 
 0.532  0.0003 <.0001  0.404 

Coarse sand -0.343 -0.294 -0.193 -0.131 
 0.064  0.115  0.306  0.490 

Medium sand -0.581 -0.596 -0.493 -0.489 
 0.001  0.001  0.006  0.006 

Fine sand  0.562  0.543  0.476  0.478 
 0.001  0.002  0.008  0.008 

PWP§  0.530  0.703  0.774  0.854 
 0.003 <.0001 <.0001 <.0001 

† Correlation coefficient (r), n = 30. 
‡  Prob > r.    
§  Volumetric  water content at permanent wilting point. 



 

 252 

Table 5-28. Relationship between the crops used as indices of citrus grove productivity. 
 Radish Weeds 

0- 15 cm 
Sorghum  0.424†  0.377 
  0.019‡  0.040 
Radish   0.218 
   0.247 

15-30 cm 
Sorghum  0.127  0.386 
  0.502  0.035 
Radish   0.533 
   0.002 

30-45 cm 
Sorghum  0.288 -0.361 
  0.122  0.050 
Radish   0.372 
   0.043 

45-60 cm 
Sorghum -0.112 -0.238 
  0.556  0.204 
Radish   0.501 
   0.005 

† Correlation coefficient (r), n = 30. 
‡  Prob > r.    
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Figure 5-1. Sorghum plants in soil of very good productivity zone (a) at four depth intervals and 

(b) showing interveinal chlorosis in the soils of lower two depths. 
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Figure 5-2. Growth curves of sorghum at (a) 0-15, (b) 0-30, (c) 0-45 and (d) 0-60 cm depths. 
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Figure 5-3. Growth curves of radish at (a) 0-15, (b) 0-30, (c) 0-45 and (d) 0-60 cm depths. 



 

 256 

 
 
Figure 5-4. Photographs captured to calculate leaf area of radish for (a) very poor and (b) very 

good productivity zones at four depths. 
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Figure 5-5. Interpolated maps of citrus and sorghum (a) citrus canopy volume, (b) sorghum shoot 

weight and (c) sorghum shoot length at 0-30 cm depth.  
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Figure 5-6. Interpolated maps of citrus and radish (a) citrus canopy volume, (b) radish shoot 

weight and (c) radish leaf area at 0-60 cm depth.  
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Figure 5-7. Photographs of the middle row area showing weed cover in five productivity zones 

of the citrus grove. 
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Figure 5-8.  Interpolated maps of citrus and weeds (a) citrus canopy volume and (b) percent 

weed cover in the citrus grove. 
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CHAPTER 6 
AMELIORATION OF SOIL VARIABILITY IN SANDY SOILS UNDER CITRUS 

PRODUCTION 

Introduction 

It may be possible to ameliorate sandy soils under citrus production to improve soil-water-

plant relationships by altering the soil properties that are most important in limiting crop growth. 

Major contributions of soil organic matter, particle and sand size distribution, and soil water 

retention to variation in citrus yield and canopy volume suggested that the water availability is 

the most limiting factor in citrus production. Secondly, the pronounced differences of these soil 

properties depths below the surface soil layer emphasized the influence of soil depth in 

discriminating between the productivity of the citrus grove. This necessitates the need for 

amelioration of these soils to the root zone depth of the citrus trees. The availability of water to 

citrus trees grown on excessively drained sandy soils can be directly increased by applying 

frequent irrigations to maintain the soil near field capacity (FC) water content, and indirectly by 

incorporating soil amendments that can improve soil fertility, soil structure and water holding 

capacity of the poor areas of the grove. 

Irrigation of crops by the water balance approach applies water before the soil water 

content depletes below a specific threshold percentage of available water, called allowable 

depletion of available water (ADAW). The ADAW depends on the sensitivity of crop growth 

stages to moisture stress. The flowering and fruiting stages during February to June are the most 

sensitive stages to moisture stress in citrus production.  Koo (1964) evaluated the effect of 

frequency of irrigation on orange and grapefruit grown on Lakeland fine sand by applying 

irrigations at 1/3 depletion level throughout the year, 2/3 depletion level throughout the year, and 

1/3 depletion level from Jan to June along with 2/3 depletion level for rest of the year. Although 

the low depletion level throughout the year increased fruit production, maintaining high soil 
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moisture for whole year was not recommended because irrigation frequency depends on yield 

response, fruit price and cost of irrigation. According to current recommendations for micro-

irrigation systems, citrus groves are irrigated at 25% depletion from February to June and at 50% 

depletion from July to January (Parsons and Morgan, 2004). Smajstrla et al. (1985), working 

with ‘Valencia’ oranges on Arredondo soil, applied irrigation at soil water depletions of 30, 45, 

and 55% corresponding to soil water tensions of 10, 20 and 40 cbars in the upper 60 cm depth. 

They achieved maximum productivity by irrigating at 20 cbars or 45% depletion. Combining 

different growth stages of citrus with irrigation depletion levels of 35-45 and 10-15 cbars 

indicated that trees irrigated at the low depletion level at all growth stages had the highest fruit 

weight (Boman, 1992). Ziegler (1970) reported that irrigation frequency is based on soil type, 

rootstock, and scion, and found that the excessively drained Lakewood and St. Lucie soil series 

require more frequent irrigation compared with other soils under citrus production. They 

suggested that applying frequent irrigation can be useful as long as it is economical and does not 

affect fruit quality. Therefore, excessively drained sandy soils in the poor areas of the variable 

citrus grove could be irrigated frequently to maintain the FC water content in their root zone and 

increase the productivity of the citrus grove. 

The application of appropriate soil amendments can considerably improve soil chemical, 

physical and biological properties. Inorganic amendments such as certain clays can increase 

nutrient retention due to their large surface area and CEC. Their small particle size and high clay 

content is also responsible for increasing the microporosity and water retention (Li et al., 2000; 

Waltz Jr et al., 2003). Organic amendments, due to their high organic matter content, CEC, and 

low bulk density, increased soil porosity and improved soil structure that can increase soil 

nutrient and water retention (McCoy, 1998; Pandey and Shukla, 2006; Tejada et al., 2006; Fares 
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et al., 2008). Various inorganic amendments like zeolites, calcined clays, diatomaceous earth and  

phosphatic clay (Li et al., 2000; He et al., 2002; Sartain and Shaddox, 2004; Shaddox, 2004; 

Wang et al., 2005), and organic amendments like compost, biosolids, poultry manure, farm yard 

manure and water treatment residuals (WTRs) have been evaluated and successfully used to 

improve soil fertility, soil physical properties, and yields of several crops grown in Florida 

(Ozores-Hampton et al., 2000; He et al., 2000a; He et al., 2000b; Shaddox, 2004; Jaber et al., 

2005; Ozores-Hampton et al., 2005; Jaber et al., 2006). Of several amendments, phosphatic clay 

and WTRs are inexpensive and have the capacity to increase nutrient and water retention of 

sandy soils, hence their efficiency to increase plant growth on excessively drained sandy soils of 

citrus groves should be evaluated. 

During phosphate mining, the phosphate sand and clay are separated by the process of 

beneficiation. The waste phosphatic clay and large amounts of water are pumped into clay ponds, 

and its disposal is a large problem. However, this phosphatic clay can be very beneficial for 

improving soil properties when mixed with soils of high sand and low clay content. The high 

clay content, CEC, nutritional status and WHC of phosphatic clay can greatly improve the 

productivity potential of sands (Gonzalez and Sartain, 1986). Leonard et al. (1965) found an 

increase in young orange tree growth with the incorporation of phosphatic clay in Leon fine 

sand. He suggested that 20% was the desirable application rate. Application rates of phosphatic 

clay greater than 1% are required to improve soil chemical and physical properties of soils under 

citrus production (Diamond and Fiskell, 1965). Phosphatic clay applied at rates of 5% can 

improve the water retention of Florida sandy soils (Saxena et al., 1971). Stricker et al. (2003) 

also observed satisfactory production of various crops including vegetables, grain, turf, 

ornamentals, and citrus grown on phosphatic clay where only N was applied as fertilizer. From 
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an environmental perspective, phosphatic clay can also immobilize heavy metals due to its high 

CEC (Singh et al., 2001; Chaturvedi et al., 2007; Hwang et al., 2008). 

 Water treatment residuals are waste products obtained during water purification in 

drinking water treatment plants. Iron and Al salts are used to precipitate humic and fulvic acids, 

hence these materials are rich in organic matter and Fe or Al. Iron humate is the product of 

precipitating humic substances using Fe salts. Its application to sands has been found to increase 

plant available Fe as well as yield of turfgrass (Shaddox, 2004). High organic matter in WTRs is 

responsible for increasing the microporosity and water retention of soils. (Serra-Wittling et al., 

1996; Shaddox, 2004). The WTRs have been demonstrated to reduce P loss in sandy soils of 

Florida at rates ranging from 0 to 25% (Codling et al., 2000; Elliot et al., 2002; Makris et al., 

2004b; Agyin-Birikorang et al., 2008; Oladeji et al., 2008), however; the generally used rates are 

0.1 to 10% (O’Connor et al., 2002; O’Connor et al., 2005). Alva and Obreza (1998) reported that 

the application of Fe humate increased citrus fruit yield and leaf Fe concentration in high pH 

soils (7.4 to 8) without any negative effect on fruit quality and soil chemical properties. 

 Considering the role of soil water content and beneficial effects of amendments in crop 

growth, it can be hypothesized that increasing irrigation frequency to maintain FC water content 

and application of soil amendments can improve water and nutrient uptake by citrus trees, which 

can further increase productivity of poor areas of the citrus grove. Hence, this study was 

designed with the following objectives: 

• Evaluate the effect of irrigation frequency on the productivity of sandy soils under citrus 
production. 

• Measure the potential of phosphatic clay and Fe humate to increase soil water retention and 
crop growth in sandy soils. 

• Compare the efficacy of increased frequency of irrigation and soil amendments to enhance 
crop growth. 
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Materials and Methods 

Study Site and Soil Sampling  

The experimental citrus grove is described in detail in Chapter 2. Soil samples were 

collected in July 2007 from the very poor and very good productivity zones of the citrus grove at 

0-60 cm depth. Samples were air-dried, ground, passed through a 2-mm sieve, and used for two 

greenhouse experiments. Amendments used in the study were phosphatic clay (Mid Florida 

Mining Company, Florida, USA.)  and WTR Fe Humate (Kemiron Inc., Bartow, Florida, USA.). 

Soil and amendment characterization 

Soil samples and amendments were analyzed for chemical properties including pH, EC, 

organic matter, CEC, Mehlich I-extractable and oxalate-extractable nutrients.  Physical 

properties included soil color, particle size distribution, sand size distribution, moisture retention 

curves, and volumetric water content at FC, PWP and the WHC. Moisture retention curves were 

also developed for multiple rates of soil-amendment mixtures. For analysis, the soil from the 

very poor productivity zone was mixed with 1, 2.5, 5 and 10 % rates of the amendments.  In 

addition, both amendments were analyzed for mineralogical composition using XRD and TG 

analysis. All chemical, physical and mineralogical analyses were performed using the methods 

described in Chapter 3. 

Greenhouse incubation 

Owing to the significant contribution of soil permanent wilting point (PWP) to citrus grove 

productivity observed in Chapters 3 and 4 (Figure 3-10 and Table 4-9), the effect of two 

amendments on soil PWP was evaluated by an incubation experiment at 25-30 °C. Two 

replications of the soils from very poor and very good productivity zones were tested at their FC 

water content in a CRD under greenhouse conditions. The amendments were mixed thoroughly 
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with soil at different rates ranging from 0 to 30% (0, 1, 2.5, 5, 10, 15, 20, 25, 30). Soil water 

content at PWP was measured using the WP4 PotentiaMeter as described in Chapter 3.  

Greenhouse Experiments  

Experimental design 

The greenhouse experiments were designed as randomized complete block design (RCBD) 

in a 2*2*2*2 factorial treatment structure in four replications (blocks). The factors studied were 

productivity zone, water content, amendment, and rate of amendment. The levels of each factor 

were two productivity zones (very poor and very good productivity zone), two water contents 

(100% and 50% of FC specific for each soil), two amendments (phosphatic clay and Fe Humate) 

and two rates of each amendment (1 and 2.5% for sorghum and 5 and 10% for radish). Control 

treatments for both soils were included at two water contents.  

Experimental setup 

 Experiments were conducted in the greenhouse facilities of CREC, Lake Alfred, 

University of Florida.  Plastic PVC pipe 10.2 cm in diameter was used to make columns 62 cm 

long. The base of each pipe was covered with a filter fabric sock (Carriff Corporation, Inc, 

Midland, NC, USA.) that was tightened around the pipe with a wire. The columns were filled 

with 7 to7.5 kg soil to the bulk density specific for each soil. All treatments were applied in to 

upper 20 cm depth. 

  Moisture content in the soil columns was monitored using ECH2O capacitance probes 

Dielectric Aquameter (Decagon Devices, Inc. Pullman, WA, USA). The capacitance probes 

measure the dielectric constant of the soil water that is calibrated to measure changes in soil 

water content. Measurements are based on the principle that water has a much higher dielectric 

constant (80) than air (1) or soil matrix (<10). Capacitance probes that can monitor changes in 

soil moisture before, during and after irrigations have been evaluated to monitor moisture in 
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Florida soils (Morgan, 1992; Morgan et al., 1999; Fares and Alva, 2000; Jaber and Shukla, 2006; 

Morgan et al., 2006; Pandey et al., 2007; Shukla and Jaber, 2007). The capacitance probes were 

calibrated for each soil in the laboratory by measuring the millivolt sensor output readings at 

known volumetric water contents. The capacitance probes were installed in each water content 

treatment of alternate blocks and attached to XR5-SE data loggers (Pace scientific, Inc. USA), 

and readings were downloaded periodically to a computer.  

Greenhouse experiment I  

  Greenhouse experiment I with forage sorghum (Sorghum bicolor (L.) Moench as a 

bioassay crop was conducted in fall 2007. The amendments were mixed thoroughly in the upper 

20 cm soil layer at the rates of 1 and 2.5%. The columns were brought to their respective water 

contents as calculated from their FC water contents. The columns were fertilized weekly to 

supply a total of 168 kg N ha-1 with ‘Peters 20–20–20’ [N-P2O5-K2O] commercial fertilizer 

blend, derived from ammonium phosphate, potassium nitrate, potassium phosphate, urea, 

magnesium sulfate, boric acid, copper EDTA, iron EDTA, manganese EDTA, sodium 

molybdate, and zinc EDTA. Ten forage sorghum seeds were planted in each column and thinned 

to five at 10 days after planting. During the growing period, the columns were maintained at their 

respective water contents. Response measurements included germination percentage, weekly 

measurement of chlorophyll index readings using a SPAD-502 chlorophyll meter (Minolta 

Corporation, New Jersey, USA), and shoot length. At termination of the experiment 56 days after 

planting, shoot dry weight, root dry weight and root length were measured. Root length was 

measured using the line-intersect method (Tennant, 1975).  

Greenhouse experiment II  

Greenhouse experiment II with radish plants (Raphanus sativa L., cv. Early Scarlet Globe) 

as a bioassay crop was conducted in spring 2008.  The amendments were mixed thoroughly in 
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the upper 20 cm soil layer at rates of 5 and 10%. Columns were fertilized weekly to supply a 

total of 70 kg N ha-1 with ‘Peters 20–20–20’ [N-P2O5-K2O] commercial fertilizer blend. Ten 

radish seeds were planted in each column and thinned to five at 9 days after planting. Response 

variables included germination percentage and weekly measurement of chlorophyll index. At 

termination of the experiment 40 days after planting, leaf area, shoot dry weight and root dry 

weight were measured. Leaf area was measured with a leaf area meter LI-3000C L1-COR R 

(Biosciences, USA) using a single leaf at a time. 

Water use efficiency 

Water use efficiency (WUE) was calculated for both the sorghum and radish experiments. 

Four columns of two soils maintained at the two water contents were used to estimate 

evaporation. The columns were weighed after achieving the specific water content at the start of 

the experiment and at termination. The water added at each irrigation was recorded, and the 

cumulative amount of water added during the entire experiment was calculated for each column. 

The final weight was subtracted from the initial weight and added to the cumulative volume of 

water to estimate total water used. Water use efficiency was calculated as the ratio of dry matter 

yield of sorghum or radish to the total water used to produce the yield. Water use efficiency was 

expressed as g kg-1 of water, assuming the density of water is 1 g cm-3. 

Data  Analysis 

Data were analyzed with SAS software (SAS Institute, Inc., 2003). All assumptions of 

normality were tested as described in Chapter 3. Analysis of variance was performed and means 

were separated using the Tukey test at alpha = 0.05. An example of the ANOVA Table is 

presented in Appendix Table A-7. Orthogonal single degree of freedom contrasts were used to 

compare the quantitative factors of water content and rate. Regression curve analysis was 

performed to look at the response of growth parameters to the applied amendment rate. The 



 

 269 

significance of the regression model, coefficient of determination (R2) and coefficient of 

determination adjusted to the degree of freedom (adj R2) were used as criteria to select the best 

regression equation. 

Results and Discussion 

Soil and Amendment Characterization 

The chemical (Table 6-1) and physical (Table 6-2) properties of the very poor and very 

good productivity zones used in two greenhouse experiments revealed the obvious differences 

between the productivity potential of these two soils. Soils of both productivity zones had neutral 

pH, whereas the very good productivity zone had high EC, organic matter, CEC, and Mehlich I-

extractable nutrients except Mn and Fe. Oxalate-extractable Al was also greater in the very good 

than in the very poor productivity zone due to the presence of a weak Bh horizon within the 0-60 

cm depth at this site. Total inorganic N in both soils was below detection limit of the instrument 

(2 ppm). Among physical properties, the very poor productivity zone was lighter in color, had 

more sand content, high coarse, medium and very fine sand fractions, and high bulk density. The 

water contents at FC, PWP and WHC were 4-12 times lower than the very good productivity 

zone. The moisture retention curves of the two soils (Figure 6-1) showed that at the breakthrough 

point, the water content in the very poor productivity zone was very low compared with the very 

good productivity zone. The differences in chemical and physical properties of two productivity 

zones suggested the need to ameliorate the very poor areas of the grove by small frequent 

irrigations or by incorporating soil amendments. 

The chemical properties of the amendments evaluated in this study are presented in Table 

6-3. Both amendments were alkaline in nature.  The phosphatic clay had about 4% organic 

matter and approximately 27 cmol kg-1 CEC. Among Mehlich I-extractable nutrients, phosphatic 

clay was rich in P, K, Mg and Ca. These observations were similar to the values observed by 
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several other workers for phosphatic clay obtained from phosphate mining in Florida (Leonard et 

al., 1965; Gonzalez and Sartain, 1986; Zang and Bogan, 1995). The Fe humate had 21% organic 

matter content and 21 cmol kg-1 CEC. It had high concentrations of K, Mg, Ca and Fe, and was 

enriched with oxalate-extractable Fe and Al. The chemical properties of Fe humate were 

consistent with the values reported for other WTRs (Basta et al., 2000; Elliot et al., 2002; 

Shaddox, 2004; Makris et al., 2005b). Total inorganic N in both the amendments was also below 

the detection limit. The pH of soil-amendment mixtures at different rates (Table 6-3) indicated 

an increase in pH of the very poor productivity zone with the addition of both phosphatic clay 

and Fe humate, but this increase was statistically non-significant with increasing amendment 

rate. The increase in pH of the very good productivity zone was lower due possibly to its high 

organic matter content and higher buffering capacity. The increased soil pH also demonstrated 

the liming potential of the applied amendments. 

Physical properties of phosphatic clay and Fe humate (Table 6-4) indicated that the clay 

contained about 64% clay and 35% silt, and contained very little sand. The moisture retention 

curve of Fe humate (Figure 6-2) indicated that the FC water content was 28% at 4 kPa suction. 

Iron humate had a sandy texture, hence the breakthrough curve occurred at lower suctions but at 

greater moisture due to its high organic matter content. Texture influences the shape and position 

of the moisture retention curve, while the organic matter influences the water content (De Jong et 

al., 1983). 

Mineral identification of amendments from the XRD pattern reflected the presence of 

smectite, sepiolite, polygorskite, quartz, dolomite and apatite (Figure 6-3). These are commonly 

found minerals in phosphatic clay (Zang and Bogan, 1995; Singh et al., 2001; Hwang et al., 

2008) The weight loss close to 100°C (Figure 6-4) may have been due to the poorly crystalline 
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forms of phosphates. Phosphatic soils of Florida have been reported to contain noncrystalline 

forms of phosphate minerals (Wang et al., 1991). The mineralogy of phosphatic clay provided its 

high CEC that increases nutrient retention of the soils and the productivity. Mineral identification 

of Fe humate (Figure 6-5 and Figure 6-6) showed only quartz and calcite as crystalline minerals 

and the dominance of amorphous oxides in Fe humate. 

Characterization of soil amendments based on their chemical, physical and mineralogical 

properties revealed high nutrient status, 4 to 8 times higher CEC, high organic matter content, 

and high WHC compared with the soils used in the study, suggesting their potential to increase 

the nutrient and water holding capacity of the very poor productivity zone of the citrus grove. 

The incubation of the very poor productivity zone soil with two amendments at different 

rates (Figure 6-7) showed that PWP increased by increasing the amendment rates. The lower 

rates could increase soil PWP, but PWP of the very poor productivity zone was comparable with 

the unamended very good productivity zone after the addition of 10% rate of  phosphatic clay 

and about 7% rate of Fe humate. Based on the effect of amendments on PWP of soils and the 

commonly used rates in Florida soils, the 1 and 2.5% rates were initially selected for the first 

experiment where sorghum was used as the bioassay crop.  

The moisture retention curves of the soil-amendment mixtures for different rates (0, 1, 2.5, 

5 and 10%) of phosphatic clay (Figure 6-8) and Fe humate (Figure 6-9) were developed. The 

clay increased the moisture content substantially compared with the control, with a large increase 

at 5 and 10% rates compared with the 1 and 2.5% rates. Increase in moisture retention using 

phosphatic clay at similar rates for soils under citrus production has been reported previously 

(Diamond and Fiskell, 1965). The addition of Fe humate was not as effective as the clay in 

increasing the moisture content of the very poor soil. The increase in water content at saturation, 
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change in the position of curve, and moisture content of the very poor productivity zone soil 

indicated an increase in microporosity with addition of higher rates of these amendments. The 

water retention parameters of the soil-amendment mixtures (Table 6-5) indicated a continuous 

increase in FC, PWP and WHC of the soil by increasing amendment rate. The clay was effective 

at all rates, whereas the effect of Fe humate was detectable at the 5 and 10% rates. The effect of 

Fe humate in increasing soil PWP was also greater compared with the clay.  

Sorghum as a Test Crop 

The effects of treatments on growth parameters of sorghum and soil water content at PWP 

are presented in Table 6-6. Productivity zone significantly affected all response variables except 

root weight. Water content had a significant effect on all the responses except soil PWP. The 

effect of amendment was significant on root growth, WUE, and soil PWP, while amendment rate 

affected root weight and soil PWP. Out of the interactions of these factors, germination was 

affected by soil*water, shoot length was affected by water*amendment*rate, shoot weight by 

soil*water and soil*water*amendment*rate, and root weight was significantly affected by the 

soil*water interaction. The effect of productivity zone and water content on sorghum 

germination (Table 6-7) indicated that the very good productivity zone at 100% water content 

had the highest germination percentage, followed by the very good zone at 50% water content, 

very poor zone at 100% water content, and very poor zone at 50% water content. The 

germination of sorghum was directly related to water content of the root zone. Chlorophyll index 

(Table 6-8) was high in the very poor productivity zone and in the treatments receiving 100% 

water content. 

Sorghum shoot length as affected by the interaction of water content, amendment. and rate 

(Table 6-9) increased with increasing water content in the control treatments. The amendments 

had no effect on shoot length within the specific water content, except 2.5% Fe humate at 50% 
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water content that was higher than lower rate. The effect of the interaction of productivity zone, 

water content, amendment, and rate (Table 6-10) indicated that shoot weight was greater in the 

100% water content treatments of each productivity zone. There were no differences in the 

control treatments of the very poor and the very good zones maintained at 50% water content. 

Amendments also had no effect on shoot weight within productivity zone as well as within water 

content. 

The high water content treatment substantially increased germination, chlorophyll index, 

shoot length, and shoot weight of sorghum. The very poor productivity zone had very low water 

holding capacity, hence frequent irrigations to maintain FC water content in the root zone 

increased water uptake and affected germination and plant growth. High water content 

treatments of the very poor productivity zone performed better than the low water content 

treatments of the very good productivity zone, due possibly to the application of low but frequent 

irrigations in the very poor productivity zone. 

Sorghum root weight as affected by productivity zone and water content (Table 6-11) 

showed the highest root weight in the very good productivity zone at 100% water content, 

followed by the 100% water content of the very poor productivity zone and the 50% water 

content of both the productivity zones. The vital role of available water in the root zone was 

observed from the lowest root weights in both the soils maintained at 50% FC water content. The 

high water content treatments lead to enhanced root growth that may have been responsible for 

increased water uptake and yield. Soil water extraction by sorghum is directly related to its root 

length density (Moroke et al., 2005). On the other hand, low soil water content can increase root 

suberization, decrease root permeability, and increase resistance to water absorption (Salih, 
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1999). The amendments were also able to increase root weight, but this increase could not 

compete with the increase brought by the higher water content.  

Root length, WUE, and soil PWP as affected by productivity zone, water content and 

amendment are presented in Table 6-12. Root length was the highest in the very good 

productivity zone, in the 100% water treatment, and in the amended soils. The effects of water 

content and amendment on WUE were similar, however; it was high in the very poor 

productivity zone. High WUE in the very poor compared with the very good productivity zone is 

attributed to its higher irrigation frequency. This effect may be due to the 100% water content 

treatment in the very poor productivity zone that increased yield, but the amount of water was 

still lower than both the water treatments in the very good productivity zone. Soil PWP was 

approximately four times higher in the very good productivity zone and was greater in the soils 

with Fe humate treatments. 

Although the effect of amendments on sorghum growth was not as pronounced as the 

effect of water content, sorghum root length, root weight, WUE, and soil PWP increased with the 

addition of amendments. The pronounced effect of amendments on soil PWP, root growth, and 

WUE reflected the important role of soil amendments in improving soil physical properties and 

increasing water retention (Tester, 1990). Phosphatic clay, due to its high clay content, increases 

the microporosity and similarly the Fe humate can increase the microporosity due to its high 

organic matter content.  

The results of single degree of freedom contrasts between two water contents (Table 6-13) 

indicated that 100% water content increased sorghum growth by two times compared with 50% 

water content. These results suggested that the productivity of sandy soils can be increased by 

maintaining root zone water content at FC. Stoffer and Riper (1963) maintained different soil 
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moisture levels at 25, 50, 75, 100% of the available moisture and found an increase in sorghum 

dry matter yield and nutrient uptake by increasing water contents from 25 to 100% of available 

moisture. An increase in citrus production due to increased irrigation has been previously 

documented (Koo 1964; Ali and Lovatt, 1996; Parsons et al., 2001). On the other hand, deficit 

irrigation in the citrus groves produces smaller fruit and decreases fruit quality (Gonzalez-

Altozano and Castel, 2000; Barry et al., 2004). Irrigations at the 50% FC  depletion level 

decreased citrus fruit size compared with the 100% FC depletion level (Treeby et al., 2007).  

The effect of amendment rate on sorghum growth parameters as observed from the single 

degree of freedom contrasts (Table 6-14) indicated that only root weight and soil PWP were 

affected by amendment rate, which were greater at the higher rate. 

Regression curve analysis of amendment rate versus root weight and soil PWP (Table 6-

15) represented a linear increase in both the parameters with increased amendment rate. Sorghum 

shoot length (Table 6-16) as affected by the interaction of water*amendment*rate increased in a 

quadratic manner in 50% water treatment amended with Fe humate. However, shoot weight 

increased linearly (Table 6-16) in the very poor productivity zone at 50% water content amended 

with clay (R2 = 0.42) and in the very good productivity zone at 50% water content amended with 

Fe humate (R2=0.34). Although shoot length showed quadratic relationship with rate, shoot 

weight increased linearly, and it was better correlated with citrus grove productivity (Chapter 5, 

Figure 5-5). The linear increase in soil PWP, root weight, and shoot weight suggested the 

possibility of increasing soil water retention and plant growth by applying higher rates of these 

amendments. 

A correlation matrix of all the parameters (Table 6-17) suggested the significant positive 

relationships of shoot length, chlorophyll index, shoot weight, and root weight with WUE signify 
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the importance of increased water content, water uptake, and WUE to increasing productivity of 

the poor areas of the citrus grove. 

The results of the sorghum experiment emphasized the importance of maintaining FC 

water content in the root zone of citrus trees by frequent irrigations that can directly increase 

water uptake and productivity in the poor areas of the grove. Secondly, these results depicted the 

possibility of increasing soil water retention and plant growth using higher rates of phosphatic 

clay and Fe humate. 

Radish as a Test Crop 

The effect of treatments on radish growth and soil PWP (Table 6-18) indicated that 

productivity zone affected all the radish growth parameters except WUE. Water content had a 

significant effect on all the response variables except chlorophyll index and soil PWP. The effect 

of amendment was significant on leaf area, shoot weight, root weight, WUE, and PWP. The rate 

had a significant effect on root weight and water content at PWP. Radish leaf area and shoot 

weight were affected by the interactions of soil*amendment and water*rate. The root weight was 

affected by two way interactions of soil*water, soil*amendment, soil*rate, water*rate, 

amendment*rate, and three way interaction of soil*water*amendment interactions. 

Radish had high germination percentage (Table 6-19) in the very good productivity zone as 

well as in the 100% water content. Chlorophyll index was high in the very poor (34.5) compared 

with the very good productivity zone (24.7), which was similar to the result observed with 

sorghum. Radish leaf area was also higher in soil of the very good productivity zone. The 

application of amendments increased the leaf area considerably over the control (Table 6-20). 

Shoot weight was affected by the interaction of productivity zone and amendment (Table 6-21). 

The highest shoot weight was in the very good productivity zone amended with either of the 
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amendments, followed by the unamended very good zone and the amended very poor 

productivity zone. It was the lowest in the unamended very poor productivity zone. 

The effect of amendments on radish growth can be attributed to their high organic matter, 

CEC, nutrient status, and water retention. Phosphatic clay due to its naturally high fertility, 

enrichment of P, K Ca and Mg, high clay content, CEC, and WHC could increase production of 

various crops (Gonzalez and Sartain, 1986; Stricker, 2000; Mislevy et al., 1989; Mislevy et al., 

1990; Mislevy et al., 1991). Similarly, Fe humate, owing to its amorphous nature, high organic 

matter, CEC, nutrient status and water retention, could increase plant growth. High organic 

matter content in Fe humate increases the microporosity (Makris et al., 2005b) and improves soil 

structure (Rengasamy et al., 1980). The increased microporosity and improved soil physical 

properties due to the addition of Fe humate are responsible for higher water retention. Shaddox 

(2004) significantly correlated (R2= 0.83) microporosity of Fe humate with the plant available 

water for turf grass. 

Radish leaf area and shoot weight (Table 6-22) increased with increased amendment rates. 

This increase was continuous at low water content, but the increase was up to 5% amendment 

rate at high water content. Although the soil amendments increased radish growth, the control 

treatment of 100% water content still performed better than the amended soils at 50% water 

content. This result revealed the effectiveness of maintaining FC water content to increase 

productivity compared with the 50% depletion level combined with the amendment application. 

The simple effects of productivity zone, water content, and amendment on radish root 

weight (Table 6-23) showed that the control treatments in both soils and water contents had 

similar root weight. The root weight increased with the application of amendments in the high 

water content treatment of both soils. The interaction of amendment and rate (Table 6-24) 
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showed greater root weights for both the clay and Fe humate at the 10% rate. These results 

suggested that the effect of amendment rate was greater on root as compared with shoot growth. 

These observations were consistent with the observed linear increase of sorghum root weight 

with increasing amendment rate. 

Greater WUE (Table 6-25) was found in the 100% water content treatment. Soil 

amendments increased WUE, but there was no increase in WUE as the rate increased from 5 to 

10% . The evaluated soil amendments can increase WUE directly by increasing the water 

retention and water uptake, and indirectly by increasing yield due to increased soil fertility 

(Gregory et al., 2000; Shaddox, 2004). 

Soil water content at PWP (Table 6-26) showed a trend similar to that observed for root 

growth, suggesting that water content at PWP could be increased by applying high rates of 

amendments. This increase in soil PWP is further responsible for extensive root growth required 

for increased water and nutrient uptake. 

These results suggest that root growth is directly related to water content in the root zone, 

and an increase in root growth enhances water transport to the shoots. Castle and Krezdorn 

(1977) correlated (r = 0.74) total feeder root weight with daily water use and found the largest 

daily water use in the 15-45 cm depth of Entisols in central ridge areas. Citrus root density is 

positively related to soil water uptake (Morgan et al, 2006) suggesting the need for frequent 

irrigations in sandy citrus soils to maintain FC water content that will increase water uptake and 

productivity of very poor areas of the citrus grove. 

Single degree of freedom contrasts performed for water content (Table 6-27) revealed 

about a two-fold increase in radish growth at the higher water content. These results were similar 

to the effect of water content on sorghum growth. These observations suggested that water 
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availability is the most limiting productivity factor in these soils. According to Smith (1966) 

when the supply of a limiting factor is doubled, citrus yield increases by half the maximum yield. 

Amendment rate (Table 6-28) significantly affected leaf area, shoot weight, root weight, WUE, 

and soil PWP. 

The regression curve analysis of rate (Table 6-29 and Figure 6-8) showed that leaf area and 

shoot weight increased linearly at 50% water content, but in a quadratic manner at 100% water 

content. The linear increase in the low water content treatment suggested that using very high 

rates of these amendments could increase productivity when soil water content is maintained at 

50% of FC. The quadratic trend at 100% water content suggested the need to define the rate at 

which the change in growth by increasing rate of amendments is zero. These calculated rates for 

leaf area and shoot weight were 6.6 and 6.4%, respectively (Figure 6-10). Similarly, the increase 

in WUE was up to 7.1% of the amendment rate. These results implied that the maximum 

increase in crop growth could be achieved with a 6 to 7% rate of these amendments when soil 

water content is maintained at the FC. Radish root weight (Table 6-30) increased linearly at 

100% water content, but in a quadratic manner at 50% water content where it increased up to the 

application of 3.6% amendment rate. 

Comparing the patterns of regression curve analysis of rate for shoot and root growth 

indicated that they had an opposite trend in different water treatments. Root growth was greater 

in 100% water content and amended treatments (Table 6-23), which could be responsible for 

competition between shoot and root growth leading to the quadratic increase in shoot growth at 

this water content. Hence, maintaining soil water content at FC could be a desirable practice, 

because very high rates of these amendments are required to increase the productivity of these 

soils when they are maintained at 50% FC water content. Secondly, the control of 100% water 
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treatment performed better than the amended treatments of 50% water content. The application 

of very high rates of these amendments cannot be suggested because high rates of phosphatic 

clay can lead to problems with compaction, soil aeration, and drainage (Gonzalez and Sartain, 

1986; Verhagen, 2004). Clay at application rates of 5% performed better than 10% rates on a 

volumetric basis for turfgrass grown on Arredondo soil due to reduced infiltration at higher rates 

(Horn, 1966). Higher rates of Fe humate can increase P fixation (Codling et al., 2000; O’Connor 

et al., 2005; Oladeji et al., 2008). Secondly, nutrient leaching problems can arise due to high 

application rates of these amendments in sandy soils. 

Soil PWP (Table 6-31) showed a linear increase with increasing rate for all treatments, 

indicating the capability of clay and Fe humate to increase water retention. Correlation analysis 

(Table 6-32) exhibited significant positive relationships for radish leaf area, shoot weight, root 

weight with WUE and soil PWP. 

Comparing the increase in sorghum and radish growth by water content or amendment in 

the 50% water content treatment of the very poor productivity zone (Table 6-33) indicated a 

large contribution of maintaining root zone water content at FC by frequent  irrigations to 

increase crop growth. The high water content treatment increased sorghum growth by 122%, 

whereas the maximum increase by amendments was only 31%. In case of radish, the high rates 

of amendments increased the growth substantially, but it was still lower than the increase in 

shoot weight achieved by applying irrigation at low depletion. 

The application of soil amendments at rates of ~ 7% and frequent irrigations in sandy soils 

significantly increased indicator crop yield. The large increase in yield by increasing the 

irrigation water signified that the productivity of the poor areas of the citrus grove can be 

increased by maintaining the root zone water content at FC. Koo and Hurner (1969) suggested 
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that citrus trees on Lakewood fine sand should be irrigated twice as frequently as on other soils 

due to its low water holding capacity. Hence, a high frequency of irrigation can be recommended 

in poor areas of the grove that occur on St. Lucie soil series due to its very low water holding 

capacity. 

Summary and Conclusions 

The effect of irrigation and soil amendment was evaluated on soils from the experimental 

citrus grove. Two greenhouse experiments with sorghum and radish as bioassay crops were 

designed as RCBD in a 2*2*2*2 factorial treatment structure. The factors studied were 

productivity zone, water content, amendment, and rate of amendment. The levels of each factor 

were two productivity zones (very poor and very good), two water contents (100% and 50% of 

FC specific for each productivity zone), two amendments (phosphatic clay and Fe humate) and 

two rates (1 and 2.5% rates for sorghum, and 5 and 10% rates for radish).  

The results indicated that sorghum and radish growth increased by about 2 times in the 

100% water content compared with the 50% water content treatment. The 100% water content 

treatment in the very poor productivity zone performed even better than the 50% water content 

of the very good productivity zone. Although low rates of amendments (1 and 2.5%) did not 

affect plant growth, their high rates (5 and 10%) effectively increased crop yield. The regression 

curve analysis of amendment rate showed a linear increase in soil PWP, indicating the possibility 

of enhancing water retention with high amendment rates. In the 100% water content treatment, 

root growth increased linearly but shoot growth increased in a quadratic manner up to about 7% 

rate. However, the increase in shoot weight by the amendment rate at 50% water content was 

linear. 

These results imply that the application of clay or iron humate can increase soil water 

retention and hence productivity in poor areas of the field. Secondly, maintaining the root zone 
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water content at or near FC by frequent small irrigations can be a desirable practice to enhance 

water availability in excessively drained sandy soils, which can increase the water and nutrient 

uptake by the trees and hence the citrus production  
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Table 6-1. Chemical properties of the soils used for two greenhouse experiments. 

Soil property Productivity zone 
Very Poor Very good 

pH    7.40 ±   0.02†     6.80  ±   0.03 
EC, mS m-1    1.40 ±   0.06     2.47  ±   0.19 
OM, g kg-1    5.03 ±   0.09   34.70  ±   0.79 
CEC, cmol kg-1    2.27 ±   0.09     6.47  ±   0.57 
Mehlich I-extractable nutrients, mg kg-1 
P   48.17 ±   3.00     71.83 ± 15.34 
K   15.33 ±   0.33     27.83 ±   1.64 
Mg   21.67 ±   0.44     64.17 ± 16.17 
Ca 330.17 ± 12.89 1014.67 ±  89.41 
S   25.67 ±   2.33     29.33 ±    3.28 
B     0.17 ±   0.02      0.58  ±    0.04 
Zn     8.93 ±   0.16    12.98  ±    0.37 
Mn   29.83 ±   2.05     3.17  ±     0.17 
Fe  13.00 ±   0.29     8.83  ±     0.17 
Cu    4.07 ±   0.03     7.35  ±     0.03 
Oxalate-extractable nutrients, mg kg-1 
Fe 53.45 ±   0.76   60.34  ±    2.20 
Al 25.41 ±   0.82 464.92  ±    4.51 

† Mean ± standard error.  
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Table 6-2. Physical properties of the soils used for two greenhouse experiments. 

Soil property Productivity zone 
Very poor Very good 

L*  (Lightness) 82.6 ±   3.73† 61.1 ±   0.58 
a*  (Red-Green Scale)   2.3 ±   0.06   6.1 ±   0.38 
b*  (Yellow-Blue scale)   4.8 ±   0.09 11.5 ±   0.12 
Particle size distribution, percent by weight 
Sand 98.2 ±   0.12 96.6 ±   0.21 
Silt   0.3 ±   0.13   1.5 ±   0.23 
Clay   1.5 ±   0.02   1.9 ±   0.03 
Sand size distribution, percent by weight 
Very coarse   0.075 ± 0.001   0.057 ± 0.001 
Coarse   1.40 ±  0.06   0.95 ±   0.01 
Medium 17.23 ±   0.15 11.40 ±   0.12 
Fine 73.33 ±   0.67 84.33 ±   0.67 
Very fine   9.67 ±   0.18   5.73 ±   0.12 
Bulk density, g cm-3   1.63  ±  0.02   1.45  ±  0.03 
Water content, percent by volume 
Field capacity    2.50  10.10 
Permanent wilting point   0.14    1.76 
Water holding capacity    2.36    8.34 

    † Mean ± standard error.  
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Table 6-3. Chemical properties of the amendments used for two greenhouse experiments. 

oil property Amendment 
Phosphatic clay Fe humate 

pH       8.0 ±   0.1†   7.8 ± 0.2 
EC, mS m-1      63.7 ±  0.7 85.8 ± 0.3 
OM, g kg-1        42 ± 0.14 214 ± 0.16 
CEC, cmol kg-1      26.7 20.6 
Mehlich I-extractable nutrients, mg kg-1 
P 2814.0     12.0 
K   147.0   218.0 
Mg 1882.0   315.0 
Ca 7149.0 7269.0 
S  101.0   176.0 
B     5.0       1.0 
Zn   36.0       2.0 
Mn  13.0     10.0 
Fe    6.0     28.0 
Cu    1.0      4.0 
Oxalate-extractable nutrients, g kg-1                                                                                               
Fe 1.54±0.04 28.86±  3.45 
Al 1.95±0.06 20.61±0.88 
pH of soil amendment mixtures at different rates 
Very poor productivity zone  
0 7.4b 7.4b 
1 8.3a 8.0a 
2.5 8.3a 8.2a 
5 8.4a 8.2a 
10 8.5a 8.2a 
Very good productivity zone 
0 6.8NS 6.8 NS 
1 6.8 NS 6.8 NS 
2.5 7.1 NS 6.8 NS 
5 7.2 NS 6.8 NS 
10 7.2 NS 7.0 NS 

† Mean ± standard error. 
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Table 6-4. Physical properties of the amendments used for two greenhouse experiments. 

Soil property Amendment 
Phosphatic clay Fe humate 

Particle size distribution, percent by weight 
Sand   0.5 98.8 
Silt 35.7  -- 
Clay 63.8  -- 
Silt + Clay 99.5  1.2 
Sand size distribution, percent by weight 
Very coarse -- 13.4 
Coarse -- 17.6 
Medium -- 28.2 
Fine -- 35.6 
Very fine --  5.2 
Bulk density, g cm-3 0.70 ± 0.05  0.97 ± 0.05 
† Mean ± standard error. 
 
Table 6-5. Water retention parameters of the very poor productivity zone soil amended with 

different rates of phosphatic clay and Fe humate. 

Rte, % by weight 
Phosphatic clay Fe humate 

Volumetric water content, % Volumetric water content, % 
FC PWP WHC FC PWP WHC 

0  2.50 0.14  2.36 2.50 0.14 2.36 
1  7.20 0.50  6.70 3.20 0.60 2.60 
2.5 11.20 0.70 10.50 3.20 0.94 2.26 
5 13.20 1.40 11.80 7.20 2.04 5.16 
10 15.20 2.10 13.10 7.20 3.00 4.20 
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Table 6-6. Effect of treatments on growth parameters of sorghum and permanent wilting point of soils. 

Source of variation 
Germination Chlorophyll 

index Shoot length 
Shoot 
weight 
  

Root 
length 

Root 
weight WUE§ PWP¶ 

Main effects 
Soil (Productivity zone) *** * *** *** *** NS *** *** 
Water *** ** *** *** *** *** *** NS 
Amendment NS NS NS NS ** * ** *** 
Rate NS NS NS NS NS *** NS * 
2-way interaction 
Soil*water *** NS NS *** NS * NS NS 
Soil*amendment NS NS NS NS NS NS NS NS 
Soil*rate NS NS NS NS NS NS NS NS 
Water*amendment NS NS NS NS NS NS NS NS 
Water*rate NS NS NS NS NS NS NS NS 
Amendment*rate NS NS NS NS NS NS NS NS 
3-way interaction 
Soil*water*amendment NS NS NS NS NS NS NS NS 
Soil*water*rate NS NS NS NS NS NS NS NS 
Soil*amendment*rate NS NS NS NS NS NS NS NS 
Water*amendment*rate NS NS * NS NS NS NS NS 
4-way interaction 
Soil*water*amendment*rate NS NS NS * NS NS NS NS 
 * Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
† NS, nonsignificant (p>0.05). 
‡  Productivity zone, very poor and very good; water content, 100 % and 50 % of field capacity; amendment, phosphatic clay and Fe 

humate; rate, 1 and 2.5 %. 
§ Water use efficiency. 
¶  Volumetric water content at permanent wilting point. 
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Table 6-7. Simple effects of productivity zone and water content on germination of sorghum. 
Treatment Germination, % 
Very poor 100 % Water 42.0c† 
Very poor 50 % Water 15.5d 
Very good 100 % Water 71.5a 
Very good 50 % Water 53.5b 

   † within column, means with same letter are not significantly different (p>0.05) by the Tukey 
test. 

 
Table 6-8. Main effects of productivity zone and water content on chlorophyll index of sorghum. 

Treatment Chlorophyll index 
Productivity Zone 
Very Poor 29.9a† 
Very Good 27.7b 
Water content, % of FC 
100 30.6a 
50 26.9b 

   † For each factor, within column, means with same letter are not significantly different (p>0.05) 
by the Tukey test. 

 
Table 6-9. Simple effects of water content, amendment and rate on shoot length of sorghum. 
Water content,  % o f FC Amendment Rate, % Shoot length, m 
100 Phosphatic clay  1 0.74 abc† 
  2.5 0.83 a 
 Fe humate  1 0.78 ab 
  2.5 0.75 abc 
 Control 0 0.75 abc 
50 Phosphatic clay  1 0.62 cde 
  2.5 0.60 de 
 Fe humate  1 0.55 e 
  2.5 0.63 bcd 
 Control 0 0.57 e 
† Within column, means with same letter are not significantly different as determined by the 

Tukey adjusted lsmeans. 
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Table 6-10.  Simple effects of treatments on shoot weight of sorghum. 
Productivity 
zone 

Water content,   
% of FC Amendment Rate, 

% 
Shoot weight, 
Mg ha-1 

Very poor 100 Phosphatic clay 1 6.1 bcde† 
   2.5 6.2 bcde 
  Fe Humate 1 5.6 efg 
   2.5 5.9 cdef 
  Control 0 5.7 def 
 50 Phosphatic clay 1 3.3 h 
   2.5 3.6 gh 
  Fe Humate 1 3.1 h 
   2.5 2.9 h 
  Control 0 2.7 h 
Very good 100 Phosphatic clay 1 7.7 abc 
   2.5 8.2 a 
  Fe Humate 1 8.0 ab 
   2.5 7.7 abcd 
  Control 0 8.6 a 
 50 Phosphatic clay 1 4.6 efgh 
   2.5 4.1 fgh 
  Fe Humate 1 3.1 h 
   2.5 4.4 efgh 
  Control 0 3.2 h 
† Within column, means with same letter are not significantly different as determined by the 

Tukey adjusted lsmeans. 
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Table 6-11. Effects of productivity zone, water content and amendments on root weight of 
sorghum. 

Treatment Root weight, Mg ha-1 
Simple effects 
Very poor 100 % Water 7.27b 
Very poor 50 % Water 2.94c 
Very good 100 % Water 8.33a 
Very good 50 % Water 2.86c 
Main effects 
Phosphatic clay  5.69a† 
Fe humate 5.27ab 
Control 4.75b 

   † within column, means with same letter are not significantly different (p>0.05) by the Tukey 
test. 

 
Table 6-12.  Effect of productivity zone and amendment on root length and water use efficiency 

of sorghum, and permanent wilting point of soils. 
Treatment Root length,  m WUE‡,  g kg-1 PWP§,  % by volume 
Productivity Zone 
Very Poor 0.05b† 3.18a 0.54b 
Very Good 0.08a  2.63b 2.05a 
Water content, % of FC 
100  0.08 a 3.17 a 1.08 NS 
50 0.04 b 2.63 b 1.02 NS 
Amendment 
Phosphatic clay  0.065a 3.09a 1.19b 
Fe Humate 0.066a 2.81ab 1.58a 
Control 0.052b 2.72b 0.95b 
  † For each factor, within column, means with same letter are not significantly different (p>0.05) 

by the Tukey test. 
  ‡ Water use efficiency.  
  §  Volumetric water content at permanent wilting point. 
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Table 6-13. Effect of water content on growth parameters of sorghum and permanent wilting 
point of soils. 

Parameter Water 50 % of FC  
(1) 

Water 100 % of FC  
(2) 1 vs 2† 

Germination, % 39.5 56.7 *** 
Chlorophyll index 26.9 30.6 ** 
Shoot length, m 0.59 0.77 *** 
Shoot weight, Mg ha-1 3.48 6.96 *** 
Root length, m 0.04 0.08 *** 
Root weight, Mg ha-1 2.91 7.78 *** 
WUE‡, g kg-1  2.63 3.17 *** 

 † For each parameter, within column, means are compared with single degree of freedom 
contrasts; NS =not significant at p=0.05, *, **, *** significant at p< 0.05, 0.01 and 0.001, 
respectively. 

 ‡ Water use efficiency.  
 
Table 6-14. Effect of amendment rates on growth parameters of sorghum and permanent wilting 

point of soils. 

Parameter Rate 0 % 
(1) 

Rate 1 % 
(2) 

Rate 2.5 % 
(3) 1 vs (2 and 3) † 2 vs 3† 

Germination, % 35.6 36.2 39.4 NS NS 
Chlorophyll index 28.7 29.3 28.3 NS NS 
Shoot length, m  0.66  0.67  0.70 NS NS 
Shoot weight, Mg ha-1  5.04  5.17  5.37 NS NS 
Root length, m  0.05  0.06  0.07 NS NS 
Root weight, Mg ha-1  5.82  5.79  7.65 ** *** 
WUE‡, g kg-1   2.72  2.89  3.01 NS NS 
PWP§ , %     0.95  1.20  1.58 NS * 

† For each parameter, within column, means are compared with single degree of freedom 
contrasts; NS =not significant tap=0.05, *, **, *** significant at p< 0.05, 0.01 and 0.001, 
respectively. 

‡ Water use efficiency.  
§ Volumetric water content at permanent wilting point. 
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Table 6-15. Regression curve analysis of amendment rate for root weight of sorghum and permanent wilting point of soils. 

Parameter Equation R2† Adj R2‡ p value Intercept 
a 

Rate 
b CV % 

Root weight Linear 0.06 0.05 0.029 4.35 0.71 51.50 
PWP Linear 0.05 0.04 0.049 0.92 0.10 40.40 

    †  Coefficient of determination. 
   ‡ Adjusted coefficient of determination. 
    § Volumetric water content at permanent wilting point. 
 
Table 6-16. Regression curve analysis of amendment rate for shoot length and shoot weight of sorghum.  

Treatment Equation R2† Adj R2‡ p value Intercept 
a 

Rate 
b 

Rate2 
c 

Significance of  
a b c CV % 

Shoot length 
50 % water amended with Fe humate 
 Quadratic 0.47 0.42 0.001 0.57 - 0.04 0.03 <.0001 0.169 0.025  6.81 
Shoot weight 
Very poor productivity zone at 50 % water amended with phosphatic clay 
 Linear 0.42 0.37 0.022 2.76 0.37 -- <.0001 0.022 -- 15.22 
Very good productivity zone at 50 % water amended with Fe Humate 
 Linear 0.34 0.28 0.046 2.95 0.51 -- <.0001 0.046 -- 22.33 

    †  Coefficient of determination. 
   ‡ Adjusted coefficient of determination. 
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Table 6-17. Correlation matrix of growth parameters of sorghum, water use efficiency and permanent wilting point of soils. 

 Shoot length 
Chlorophyll 
index Shoot weight Root weight Root length WUE§ PWP¶ 

Germination 0.508† 0.020 0.635 0.483 0.662 0.002 0.549 
 <.0001‡ 0.858 <.0001 <.0001 <.0001 0.989 <.0001 
Shoot length  0.106 0.822 0.626 0.661 0.348 0.190 
  0.351 <.0001 <.0001 <.0001 0.002 0.091 
Chlorophyll index   0.269 0.317 0.216 0.388 -0.330 
   0.016 0.004 0.054 0.0004 0.003 
Shoot weight    0.771 0.797 0.516 0.149 
    <.0001 <.0001 <.0001 0.187 
Root weight      0.716 0.396 0.078 
     <.0001 0.0003 0.492 
Root length      0.198 0.345 
      0.079 0.002 
WUE§       -0.536 
       <.0001 
PWP¶        
        

† Correlation coefficient (r), n =80. 
‡  Prob > r.     
§ Water use efficiency.  
¶  Volumetric water content at permanent wilting point. 
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Table 6-18. Effect of treatments on growth parameters of radish, water use efficiency and permanent wilting point of soils. 

Source of variation Germination Chlorophyll 
index 

Leaf 
area 

Shoot weight 
  Root weight WUE§ PWP¶ 

Main effects 
Soil (Productivity zone) *** *** *** *** *** NS *** 
Water *** NS *** *** *** *** NS 
Amendment NS NS *** *** *** *** *** 
Rate NS NS NS NS *** NS *** 
2-way interaction 
Soil*water NS NS NS NS *** NS NS 
Soil*amendment NS NS ** ** ** NS ** 
Soil*rate NS NS NS NS * NS * 
Water*amendment NS NS NS NS NS NS NS 
Water*rate NS NS * * *** NS * 
Amendment*rate NS NS NS NS * NS ** 
3-way interaction 
Soil*water*amendment NS NS NS NS *** NS NS 
Soil*water*rate NS NS NS NS NS NS *** 
Soil*amendment*rate NS NS NS NS NS NS NS 
Water*amendment*rate NS NS NS NS NS NS NS 
4-way interaction 
Soil*water*amendment*rate NS NS NS NS NS NS NS 
 * Significant at the 0.05 probability level. 
 ** Significant at the 0.01 probability level. 
 *** Significant at the 0.001 probability level. 
† NS, nonsignificant (p>0.05). 
‡  Productivity zone, very poor and very good; water content, 100 % and 50 % of field capacity; amendment, phosphatic clay and Fe 

humate; rate, 5 and 10 %. 
 § Water use efficiency. 
 ¶  Volumetric water content at permanent wilting point
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Table 6-19. Main effects of productivity zone and water content on germination of radish.  
Treatment Germination, % 
Productivity zone 
Very poor  46.6b  
Very good  61.5a 
Water content, % of FC 
100 68.7a 
50 39.4b 
 
Table 6-20. Main effects of productivity zone and amendment on leaf area of radish. 
Treatment Leaf area, cm2 pot-1 
Productivity zone 
Very poor  311.87 b† 
Very good  479.01a 
Amendment 
Phosphatic clay 433.75a 
Fe humate 417.31a 
Control 264.61b 
† For each factor, within column, means with same letter are not significantly different (p>0.05) 

by the Tukey test. 
 
Table 6-21. Simple effects of productivity zone and amendment on shoot weight of radish. 
Productivity zone Amendment   Shoot weight, Mg ha-1 
Very poor Phosphatic clay 0.88 ab† 
 Fe humate 0.79 b 
 Control 0.58 c 
Very good Phosphatic clay 1.25 a 
 Fe humate 1.25 a 
 Control 0.72 b 

† Within column, means with same letter are not significantly different as determined by the 
Tukey adjusted lsmeans. 
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Table 6-22.  Simple effects of water and rate on leaf area and shoot weight of radish. 
Water content,   
% of FC 

Amendment  rate, 
 % 

Leaf area,  
cm2 pot-1 

Shoot weight,  
Mg ha-1 

100 5 590.58 a† 1.45 a 
 10 539.04 a 1.29 a 
 0 354.43 b 0.89 b 
50 5 271.69 bc 0.69 bc 
 10 300.83 b 0.75 b 
 0 174.79 c 0.40 c 

† Within column, means with same letter are not significantly different as determined by the 
Tukey adjusted lsmeans. 

 
Table 6-23. Simple effects of productivity zone, water content and amendment on root weight of 

radish. 
Productivity zone Water content,  % o f FC Amendment   Root weight, Mg ha-1 
Very poor 100 Phosphatic clay 0.42 cd† 
  Fe humate 0.46 bc 
  Control 0.28 cde 
 50 Phosphatic clay 0.22 e 
  Fe humate 0.18 e 
  Control 0.19 e 
Very good 100 Phosphatic clay 0.67 a 
  Fe humate 0.63 ab 
  Control 0.36 cde 
 50 Phosphatic clay 0.25 de 
  Fe humate 0.31 cde 
  Control 0.26 cde 

† Within column, means with same letter are not significantly different as determined by the 
Tukey adjusted lsmeans. 

 
Table 6-24. Simple effects of amendment and rate on root weight of radish. 
Amendment Amendment  rate, % Root weight, Mg ha-1 
Phosphatic clay 5 0.29 b† 
 10 0.49 a 
Fe humate 5 0.32 ab 
 10 0.47 a 
Control  0 0.27 b 

† Within column, means with same letter are not significantly different as determined by the 
Tukey adjusted lsmeans. 
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Table 6-25. Main effects of productivity zone, amendment and rate on water use efficiency of 
radish. 

Treatment Water use efficiency, g kg-1 
Water content 
100 0.66 a† 
50 0.53 b 
Amendment 
Phosphatic clay 0.67 a 
Fe humate 0.62 a 
Control 0.44 b 
Rate 
5 0.65 a 
10 0.63 a 
0 0.40 b 

  † For each factor, within column, means with same letter are not significantly different (p>0.05) 
by the Tukey test. 

 
Table 6-26.  Simple effects of soil, water content and rate on permanent wilting point of soils. 
Productivity zone Water content,  % o f FC Amendment  rate, % PWP‡, % by volume 
Very poor 100 5 1.19 de† 
  10 4.47 ab 
  0 0.40 e 
 50 5 1.93 cd 
  10 2.89 bc 
  0 0.58 de 
Very good 100 5 3.15 bc 
  10 4.51 ab 
  0 1.95 cd 
 50 5 3.22 bc 
  10 5.45 a 
  0 2.00 cd 

† Within column, means with same letter are not significantly different as determined by the 
Tukey adjusted lsmeans;   ‡ Volumetric water content at permanent wilting point. 
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Table 6-27.  Effect of water content on growth parameters of radish and permanent wilting point 
of soils.  

Parameter Water  50 % of FC  
(1) 

Water 100 % of FC  
(2) 1 vs 2† 

Germination, %  39.4    68.7 *** 
Chlorophyll index  29.5    30.1 NS 
 Leaf Area, cm2 pot-1 264.0 522.7 *** 
Shoot weight, Mg ha-1      0.80     1.56 *** 
Root weight, Mg ha-1      0.24     0.50 *** 
WUE‡, g kg-1     0.53    0.66 ** 

† For each parameter, within column, means are compared with single degree of freedom 
contrasts; NS =not significant, *, **, *** significant at p< 0.05, 0.01 and 0.001, respectively. 

‡ Water use efficiency.  
 
Table 6-28. Effect of amendment rate on growth parameters of radish and permanent wilting 

point of soils.  

Parameter Rate 0 % 
(1) 

Rate 5 % 
(2) 

Rate 10 % 
(3) 1 vs (2 and 3) † 2 vs 3† 

Germination, %   52.3   52.4   56.6 NS NS 
Chlorophyll index   30.3   30.5   28.8 NS NS 
 Leaf Area, cm2 pot-1 264.6 431.13 419.9 *** NS 
Shoot weight, Mg ha-1       0.78     1.31      1.25 *** NS 
Root weight, Mg ha-1       0.33    0.37     0.58 *** *** 
WUE‡, g kg-1      0.40    0.65     0.63 ** NS 
PWP§ , %   by volume     1.17    2.43     4.45 NS *** 

† For each parameter, within column, means are compared with single degree of freedom 
contrasts; NS =not significant, *, **, *** significant at p< 0.05, 0.01 and 0.001, respectively. 

‡ Water use efficiency.  
§  Volumetric water content at permanent wilting point. 
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Table 6-29. Regression analysis for leaf area, shoot weight and water use efficiency of radish. 

Treatment Equation R2† Adj R2‡ p value Intercept 
a 

Rate 
b 

Rate2 
c 

Significance  
a b c CV % 

Leaf area 
100 % Water content Quadratic 0.32 0.28 0.001 354.43 76.00 - 5.75 <.0001 0.0004 0.002 25.35 
50 % Water content Linear 0.17 0.15 0.009 194.15 11.64  <.0001 0.009 -- 37.57 
Shoot weight 
100 % Water content Quadratic 0.32 0.29 0.001 0.89 0.186 - 0.015 <.0001 0.0003 0.001 24.40 
50 % Water content Linear 0.22 0.20 0.002 0.46 0.03  <.0001 0.002 -- 34.89 
Water use efficiency 
 Quadratic 0.23 0.21 <.0001 0.40 0.076 - 0.005 <.0001 0.001 0.002 30.30 

†  Coefficient of determination. 
‡ Adjusted coefficient of determination 
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Table 6-30. Regression curve analysis of amendment rate for root weight of radish.    

Treatment Equation R2† Adj R2‡ p value Intercept 
a 

Rate 
b 

Rate2 
c 

Significance  
a b c CV % 

Soil*rate            
Very poor Linear 0.22 0.20 0.002 0.20 0.02 -- <.0001 0.002 -- 40.10 
Very good Linear 0.24 0.22 0.001 0.26 0.03 --  0.001 -- 44.43 
Water*rate            
100 % Water content Linear 0.56 0.54 <.0001 0.28 0.04 -- <.0001 <.0001 -- 24.62 
50 % Water content Quadratic 0.37 0.33 0.0002 0.22 -0.0184 0.0026 <.0001 0.055 0.004 26.80 
Amendment*rate            
Phosphatic clay Linear 0.22 0.20 0.0007 0.24 0.02 -- <.0001 0.001 -- 48.44 
Fe humate Linear 0.21 0.20 0.0009 0.25 0.02 -- <.0001 0.001 -- 44.30 

    †  Coefficient of determination. 
   ‡ Adjusted coefficient of determination 
 
Table 6-31. Regression curve analysis of amendment rate for permanent wilting point of soils.    

Treatment Equation R2† Adj R2‡ p value Intercept 
a 

Rate 
b 

Rate2 
c 

Significance  
a b c CV % 

Amendment*rate 
Phosphatic clay Linear 0.42 0.40 <.0001 1.00 0.08 -- <.0001 <.0001 -- 27.80 
Fe humate Linear 0.74 0.74 <.0001 1.00 0.13 -- <.0001 <.0001 -- 19.60 
Soil*water*rate 
Very poor productivity zone 
100 % Water content Linear 0.80 0.79 <.0001 0.47 0.16 -- <.0001 <.0001 -- 22.00 
50 % Water content Linear 0.52 0.49 0.0003 0.76 0.10 -- <.0001 0.0003 -- 27.80 
Very good productivity zone 
100 % Water content Linear 0.59 0.56 <.0001 1.41 0.07 -- <.0001 <.0001 -- 13.40 
50 % Water content Linear 0.74 0.72 <.0001 1.34 0.10 -- <.0001 <.0001 -- 11.98 

†  Coefficient of determination. 
‡ Adjusted coefficient of determination. 
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Table 6-32. Correlation matrix of growth parameters of radish and permanent wilting point of soils.  
 Leaf area Shoot weight Chlorophyll index Root weight WUE§ PWP¶ 
Germination 0.650† 0.669 -0.246 0.575 0.144 0.192 
 <.0001‡ <.0001 0.028 <.0001 0.202 0.088 
Leaf area  0.952 -0.338 0.730 0.432 0.342 
  <.0001 0.002 <.0001 <.0001 0.002 
Shoot weight   -0.332 0.708 0.568 0.303 
   0.003 <.0001 <.0001 0.006 
Chlorophyll index    -0.301 0.099 -0.473 
    0.007 0.382 <.0001 
Root weight     0.259 0.415 
     0.020 0.0001 
WUE§      0.064 
      0.575 

† Correlation coefficient (r), n =80. 
‡  Prob > r.     
§ Water use efficiency.  
¶  Volumetric water content at permanent wilting point. 
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Table 6-33.  Effect of water content and amendments on shoot weights of sorghum and radish in 
the very poor productivity zone. 

 Sorghum shoot weight, Mg ha-1 Radish shoot weight, Mg ha-1 
Amendments 
Phosphatic clay 3.47a† 0.73a 
Fe humate 2.98ab 0.66a 
Control 2.65b 0.23b 
Water content in control  
100 %  5.87a 0.93a 
50 %  2.65b 0.23b 
† Within column, means with same letter are not significantly different as determined by the 

Tukey test.    
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Figure 6-1. Water retention curves of the soils used for two greenhouse experiments. (a) very 

poor and (b) very good productivity zones. 
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Figure 6-2. Water retention curve of Fe humate used for two greenhouse experiments. 
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Figure 6-3. XRD pattern of minerals of the phosphatic clay used for two greenhouse 

experiments. The minerals identified were Sm, smectite; Se, sepiolite; P, 
polygorskite; Q, quartz; D, dolomite and A, apatite. 



 

306 

 
Figure 6-4. Thermal gravimetric analysis of phosphatic clay used for two greenhouse 

experiments. 
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Figure 6-5. XRD pattern of minerals of the Fe Humate used for two greenhouse experiments. 

The minerals identified were Q, quartz and C, calcite. 
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Figure 6-6. Thermal gravimetric analysis of Fe Humate used for two greenhouse experiments for 

(a) continuous and (b) isothermal. 
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Figure 6-7. Volumetric water content at permanent wilting point of the very poor and very good 
productivity zones amended with different amendments rates of (a) phosphatic clay 
and (b) Fe humate. 
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Figure 6-8. Water retention curves of the very poor productivity zone amended with different 
rates of phosphatic clay. 
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Figure 6-9. Water retention curves of the very poor productivity zone amended with different 

rates of Fe Humate. 
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Figure 6-10. Regression curve fits of rate for both the amendments for (a) radish leaf area and (b) 

radish shoot weight. 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS  

The occurrence of yield variability is a common problem in many Florida citrus groves, 

particularly those in the flatwoods. These groves are usually managed as a single unit 

irrespective of variations in soil properties from place to place. Uniform management leads to 

under-fertilization of high-yielding areas and over-fertilization of low-yielding areas. A detailed 

characterization of this spatial variability and development of appropriate site-specific corrective 

treatments has not been attempted. Therefore, this study was designed to characterize spatial soil 

variability, develop relationships between citrus production and variable characteristics of soil, 

identify major yield-limiting soil properties, define the soil depth that most influences citrus 

production, and test the viability of ameliorating poor areas in citrus groves based on major 

yield-limiting soil properties. 

The productivity of a citrus grove showing variable patterns of tree growth was described 

using fruit yield, tree canopy volume, NDVI, elevation, and ground conductivity as test 

variables. Citrus fruit yield was positively correlated with canopy volume, NDVI, and ground 

conductivity, but it was negatively correlated with elevation. Variable patterns of soil color in 

aerial photography of the grove, soil series, and ground conductivity conformed to the variable 

patterns of fruit yield. These observations emphasized the important role of soil property 

variation in differentiating productivity across the grove. Although all the parameters were 

highly correlated with yield and were able to explain grove productivity variation to some 

degree, citrus tree canopy volume was most strongly correlated (r = 0.85) with yield, explaining 

73% of its variation. Hence, the citrus grove was divided into five productivity zones based on 

tree canopy volume using a Geographic Information System. These five zones were termed 

“very poor,” “poor,” “medium,” “good,” and “very good” productivity zones. 
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Horizontal and vertical soil variability were characterized with respect to soil chemical, 

physical, mineralogical, and microbiological properties. Six random sites spanning the entire 

area of each zone were selected, resulting in 30 total soil sampling sites. Soil samples were 

collected in July 2006 from 30 sites at four depths (0-15, 15-30, 30-45 and 45-60 cm), hence the 

total number of samples was 120. Chemical properties including organic matter, CEC, Mehlich 

I-extractable and oxalate-extractable nutrients, and the physical properties of water retention 

parameters had a common pattern of spatial distribution. Relatively speaking, these properties 

were high in the high-yielding areas and low in low-yielding areas, indicating their direct effect 

in differentiating citrus grove productivity. The trend was opposite for the color parameter of 

lightness L* and the sand content, which were higher in the low-yielding areas. Clay mineralogy 

classified by soil horizon helped explain differences in productivity. In particular, quartz-

dominated sand grains were prevalent in A and E horizons of the very poor productivity zone, 

while HIV and kaolinite were prevalent in the stronger productivity zones. In general, microbial 

activity mimicked the pattern of organic matter distribution within the grove. The results of 

vertical soil variability revealed that organic matter, nutrient concentrations, soil color, particle 

size distribution, sand size distribution, and soil water retention parameters varied greatly to the 

60-cm depth. Differences in these soil properties across the productivity zones were observed at 

greater soil depth, suggesting that properties of the 0-15 cm surface layer only cannot define 

productivity variation of a citrus grove with variable tree growth. 

After characterizing soil variability, relationships between citrus production and soil 

properties were explored using various statistical techniques. Four cumulative depths (0-15, 0-

30, 0-45 and 0-60 cm) were used in the analyses to determine the root zone depth that influences 

citrus production the most. Relationships between citrus grove description parameters and soil 
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properties, and relationships within soil properties were evaluated using correlation analysis. The 

contribution of various soil properties to variability in yield and canopy volume was determined 

using stepwise multiple linear regression data analysis at four cumulative depths. Discriminant 

function analysis (DFA) was used to determine the soil properties responsible for discriminating 

between productivity zones of the citrus grove. The results illustrated the important role of 

organic matter, Al oxide coatings on sand grains, relative sand and silt contents, medium and fine 

sand fractions, and soil PWP in differentiating citrus grove productivity. The major contribution 

of soil organic matter, particle size/sand size distributions, and soil PWP to variation in citrus 

yield and canopy volume suggested that soil water retention was the major yield-limiting factor. 

Predictive models for citrus yield and canopy volume were developed using PLS regression 

analysis based on major yield-limiting soil properties. The variance explained by the predictive 

models was approximately 45 to 58% for yield and about 54 to 71% for canopy volume. This 

variance increased as root zone depth increased. The PLS results revealed that more realistic 

yield prediction in poor areas of the grove can be obtained using soil properties to the 60 cm 

depth. Therefore, the root zone depth for fertilizer and irrigation management should be at least 

45 cm and preferably 60 cm for better prediction of citrus production. 

To calibrate a soil productivity index for citrus growth and to determine the depth 

influencing crop production, greenhouse bioassay experiments were performed. Sorghum and 

radish indicator crops were grown in soil samples collected from 30 field sites at four depths. 

Analysis of variance and correlation/regression analysis indicated that differences between 

productivity zones were more pronounced as soil depth increased. The observation that the 

strongest relationships between indicator crops and soil properties occurred with the combined 0-

60 cm depth further illustrated the important role of cumulative root zone depth in differentiating 
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citrus grove productivity. Grove weed cover was also strongly related to citrus growth 

parameters and soil properties, and these relationships increased with soil depth. 

 The possibility of ameliorating poor areas of the grove was evaluated by applying 

phosphatic clay, Fe-WTR, and small, frequent irrigations. Two greenhouse experiments with 

sorghum and radish as bioassay crops were established to study productivity zone soil, water 

content, type of soil amendment, and rate of amendment. The levels of each factor were two 

productivity zones (very poor and very good), two water contents (100% and 50% of FC specific 

for each productivity zone), two amendments (clay and Fe humate) and two amendment rates (1 

and 2.5% rates for sorghum, and 5 and 10% rates for radish). The results showed that sorghum 

and radish growth approximately doubled with the 100% FC treatment compared with the 50% 

FC treatment. The 100% FC treatment applied to the very poor productivity zone performed 

better than the 50% FC treatment applied to the very good productivity zone. The lower rates of 

the amendments did not affect indicator plant growth, but the higher rates effectively increased 

it. The regression analysis of amendment rate revealed the possibility of enhancing soil water 

retention with high amendment rates. The increase in shoot weight was linear at the 50% FC 

treatment, but shoot growth increased quadratically up to a rate of about 7% in the 100% FC 

treatment. 

The results of this study suggested that citrus grove productivity can be described using 

various attributes that directly or indirectly affect citrus production. Information regarding an 

observed productivity gradient is useful to develop a soil sampling scheme and to characterize 

soil variability. Detailed characterization and quantification of soil variability, relationships 

between crop production and soil properties, and identification of major yield-limiting factors 

can be used to delineate management zones for the site-specific management of a field. 
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The importance of subsoil properties in explaining productivity potential can further help 

in planning the soil sampling and management of citrus groves. The amelioration experiment 

implied that the application of cheap byproducts like clay or Fe-WTR can increase soil water 

retention and thus the productivity of poor areas in the field. Secondly, application of frequent 

small irrigations (pulse irrigation) to maintain root zone water content at or near field capacity 

can enhance water and nutrient availability in the excessively drained sandy soils of the poorest 

zones, and hence their crop production. 

The significance of this study to Florida citrus production is its specific applications to soil 

sampling, soil analysis and amelioration. The results of characterization and quantification of 

spatial soil variability in this citrus grove would help to plan future soil sampling in new fields 

showing soil and/or tree growth variability. The selection of soil sampling sites should be based 

on the sampling interval suggested by the semivariogram range of easily measured soil 

properties. The range of soil properties like organic matter, Mehlich I-extractable nutrients, 

oxalate-extractable Fe and Al, and soil color suggested that the sampling interval should be less 

than 63 m. This sampling interval corresponds to a grid size of less than 0.4 ha compared with 

the present recommended management unit of less than 8 ha. Soil samples for these fields should 

be collected from 0 to 45-60 cm depth as opposed to the common practice of 0 to 15-20 cm. The 

soil analysis for these fields should also include soil color and oxalate-extractable nutrients, 

which are good indicators of sand grain coatings and hence, productivity. 

Characterizing soil variability based on proper soil sampling intensity, soil sampling depth, 

and quantification of easily measured soil properties responsible for yield variability will assist 

in calibrating variable rate fertilization and irrigation practices. Variable rate fertilization and 

irrigation will prevent environmental contamination by reducing excess fertilizer application to 
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unproductive areas of fields where nutrient uptake is low and losses may occur. Characterization 

of soil variability will also help decision-making about the land use in weak portions of fields. 

Based on the knowledge of key soil properties, these areas can be either left unplanted, can be 

used for planting shallow rooted crops like vegetables, or can be ameliorated by applying the 

amendments at the time of planting. 

Amelioration of the unproductive areas in fields can be planned based on soil analysis. 

Waste by-products like phosphatic clay and Fe humate can be applied to poor areas of the grove 

at weight equivalent of 5%. These amendments can be applied at the time of planting in new 

fields, and to replanted trees in established groves. In this situation, the amendments can be 

applied down to the root zone depth of each tree, which can be a cost-effective method to 

improve the weak portions of the field. The amendments can also be applied in established 

groves along tree rows in poor areas, allowing crop production and revenue to increase within a 

few years. The practice of applying small, frequent irrigations combined with careful fertilization 

will reduce water and nutrient loss from the root zone. 

The results of this study will assist in planning soil sampling, characterizing soil 

variability, making land use decisions, and ameliorating unproductive areas of both new fields 

and established citrus groves. Careful management of soil variability can improve crop 

production, increase revenue, and reduce potential environmental contamination. 
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Table A-1. Chemical properties of representative profiles of five productivity zones. 

  
pH 

EC 
mSm-1 

OM 
gkg-1 

CEC 
cmolkg-1 

Mehlich I-extractable nutrients, mg kg-1 Oxalate-extractable nutrients, mg kg-1 
Horizon depth (cm) P K Mg Ca Mn Fe Al Fe 

Very poor  productivity zone 

A 0-15 6.9 2.3  7.1 2.3  54.5  5.0 18.5 343.0 3.5 11.5   39.50 215.75 
E 15-30 7.3 1.2  5.6 1.4   8.0  2.5 10.5 176.0 0.5  3.0   27.17    0.39 
E 30-45 7.4 1.2  3.2 1.0   3.0  6.0  8.0 110.5 1.0  2.5   26.42    0.00 
E 45-60 7.4 1.5  2.3 0.8   2.0  2.0  4.0  64.0 0.5  2.5     8.50    0.01 
E 60-75 7.4 0.7  1.6 0.6   1.0  1.5  2.0  29.5 0.5  2.0   26.75    0.01 
E 75-90 7.4 0.6  1.4 0.5   1.5  2.5  2.0  22.0 0.5  1.5     2.50    0.02 
E 90-105 7.4 0.7  1.0 0.5   1.5  1.5  1.5 18.0 0.5  1.5     1.75    0.01 
E 105-120 7.5 0.5  1.1 0.5   1.0  1.5  1.0  15.5 0.5  2.0     3.25    0.01 
E 120-135 7.4 0.5  1.0 0.5   1.0  1.0  1.0  20.0 0.5  1.5     0.50    0.01 
E 135-150 7.5 0.6  1.5 0.5   1.0  1.0  1.0  17.5 0.5  1.5     0.75    0.01 
E 150-165 7.4 0.6  1.1 0.5   1.0  1.5  1.5  18.5 0.5  2.5    12.50    0.01 
E 165-180 7.5 0.8  1.1 0.6   1.5  2.5  3.0  29.0 0.5  3.5      9.25    0.01 
Bh 180-195 7.1 2.8 17.6 4.0 125.0  9.5 32.0 422.0 0.5  8.5  514.17  23.75 

Poor  productivity zone 

A 0-15 7.2 3.2 28.8 7.0  80.5 54.5 78.0 923.0 4.0  9.5 1418.25 361.08 
E 15-30 7.4 4.1 14.4 4.2  38.0 26.0 38.5 518.5 1.0  8.0 1361.77 171.30 
E 30-45 7.5 3.3 10.2 2.1  30.0 19.0 22.5 219.5 0.5  9.5 1018.73 181.60 
E 45-60 7.4 2.4  8.4 2.2  23.0 20.5 22.5 156.0 0.5 14.5  697.22 192.10 
E 60-75 7.3 2.7  9.4 1.7  23.0 23.5 24.5 135.0 0.5 23.5  454.00 276.60 
E 75-90 7.3 2.8  7.9 1.9  29.5 35.0 34.0 147.0 0.5 36.5  670.00 497.33 
E 90-105 7.4 2.7  7.7 2.7  44.5 37.5 36.0 144.0 0.5 31.5    82.25    2.88 
Bh 105-120 7.4 3.0 10.7 2.8 135.0 49.5 50.0 216.5 0.5 25.0 2607.00 777.33 

Medium  productivity zone 

A 0-15 7.0 3.4 29.3 5.4  71.0  33.5 78.0 690.0 2.5  8.0 483.50 271.22 
E 15-30 5.7 2.1 17.6 2.4  44.0  25.0  7.0  63.0 0.5  7.5 767.41 162.10 
E 30-45 5.7 1.6 11.2 1.8  35.5  12.0  4.5  35.5 0.5  6.5 644.50 113.36 

E 45-60 5.6 2.2  8.9 2.2  22.5  13.5  3.0  27.0 0.5  6.0 563.75   95.51 
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Table A-1. Continued. 

  
pH 

EC 
mSm-1 

OM 
gkg-1 

CEC 
cmolkg-1 

Mehlich I-extractable nutrients, mg kg-1 Oxalate-extractable nutrients, mg kg-1 
Horizon depth (cm) P K Mg Ca Mn Fe Al Fe 

E 60-75 5.7 2.0  6.0 1.3  17.5   9.0  2.0  20.0 0.5  6.5 408.25   65.48 
E 75-90 5.5 1.2  3.6 0.9   9.5   5.0  2.5  17.0 0.5  6.5 247.50   49.03 
E 90-105 5.2 1.2  2.7 1.4   7.0 104.5 17.0  29.5 1.0  6.5 129.75   25.58 
E 105-120 5.5 1.1 3.0 0.9 13.5  8.5  2.0 16.0 0.5  7.0 235.50  23.08 
E 120-135 5.5 0.7 3.8 1.3 20.0  7.0  1.0 11.5 0.5  7.5 395.00  32.68 
E 135-150 5.5 0.6 3.8 0.9 22.5  8.5  1.5 15.5 0.5 13.5 416.50  51.70 
E 150-175 5.5 1.5 4.1 0.9 24.0  8.0  1.5 14.5 0.5 15.0 309.25  48.28 
E 175-190 5.7 1.7 3.9 1.4 24.5 14.5  4.0 31.0 1.0 15.0 323.50  51.45 
E 190-205 5.4 2.4 3.8 1.4 25.0 10.5 3.5 31.5 0.5 13.0 400.83  35.59 

Good  productivity zone 

A 0-15 7.1 4.3 22.5 3.9  63.5 10.5 38.0 476.5  4.5 9.0  229.00 142.20 
E1 15-30 7.4 1.5 14.6 2.3  17.5  5.0 21.5 260.5  1.5 3.0   87.75  28.53 
E1 30-40 7.4 1.8  5.7 2.7  26.5  8.5 26.0 327.0  0.5 2.5  168.75  26.36 
Bh1 40-45 7.4 1.8 15.9 5.7 119.5 19.5 48.0 726.0 13.0 9.5 1143.75  25.98 
Bh1 45-60 7.0 2.5 16.7 4.0 154.5  5.0 30.0 509.5  0.5 4.5  731.75  23.60 
E1 60-75 6.9 1.5  9.8 2.7  96.5  4.0 24.0 252.5  0.5 4.5  447.25  21.38 
E1 75-90 6.9 1.4  5.9 1.5  46.5  4.0 15.0 122.5  0.5 3.5  285.00  12.18 
E1 90-105 6.9 1.2  3.3 1.2  25.0  3.5  8.0 70.5  0.5 4.0  200.50   9.13 
E1 105-120 6.8 1.2  2.5 1.1  18.5  4.0  6.0 57.5  0.5 4.0  163.50   9.30 
E1 120-135 6.9 1.1  1.4 1.0  12.0  2.5  3.0 35.0  0.5 3.0  208.00   6.03 
E1 135-150 7.0 1.2  3.2 0.6   9.5  2.0  3.5 32.0  0.5 3.0  332.00   8.53 
E1 150-165 6.6 1.3  2.2 1.5  21.0  2.5  5.0 40.5  0.5 3.5 134.00  27.30 
Bh2 165-180 6.2 1.9 11.1 2.1  78.5  7.5 13.5 71.0  0.5 4.5 1352.50  20.75 
Bh3 180-195 5.8 2.5 43.3 1.4 135.0 14.5 23.0 76.5  0.5 2.5 6926.25  26.80 

Very good productivity zone 

A 0-15 7.6 4.5 36.2 13.8 131.5 37.5 109.5 2320.0 6.5  4.5  274.83 156.50 
Bh1 15-30 8.0 3.7 18.4  7.2 150.0 16.0 56.5 1100.0 2.5 11.0 1053.83  58.76 
Bh2 30-45 8.0 3.2 15.3  5.0  33.5 10.5 37.0 687.0 0.5  8.5  492.00    7.92 
E 45-60 8.0 3.3  8.8  2.9  20.5 10.0 23.0 374.5 0.5  5.0  423.75   2.15 
E 60-75 8.0 1.6  7.9  2.1  26.0  9.5 15.5 219.5 0.5  5.0  298.25   0.18 
E 75-90 7.8 1.4  6.3  1.6  17.5  8.5 10.5 137.5 0.5  3.0  366.00  11.15 
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Table A-1. Continued. 

  
pH 

EC 
mSm-1 

OM 
gkg-1 

CEC 
cmolkg-1 

Mehlich I-extractable nutrients, mg kg-1 Oxalate-extractable nutrients, mg kg-1 
Horizon depth (cm) P K Mg Ca Mn Fe Al Fe 

Very poor  productivity zone 

E 90-105 7.7 1.5  6.0  0.8  14.0  7.6 10.0 123.0 0.5  3.0  372.00   5.08 
E 105-120 7.7 1.2  3.7  0.9  12.0  7.0  7.0 75.5 0.5  2.5  248.75   9.00 
E 120-135 7.6 1.1  3.5  0.9  14.0  9.0  6.5 75.0 0.5  2.5  215.25   2.18 
E 135-150 7.6 2.3  3.5  1.2  13.5 10.5  5.5 61.5 0.5  2.0  225.25   0.90 
E 150-165 7.4 3.7  5.3  0.9  31.5 18.5  9.5 80.5 0.5  3.0  433.25   0.90 
Bh1/ 165-180 7.2 4.7  9.3  2.3  74.5 23.0 17.0 96.5 0.5  3.0 1521.00   1.83 
Bh2/ 180-195 7.0 6.0 26.4  4.8 169.0 34.5 43.0 225.5 1.0  3.5 2814.17  14.29 
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Table A-2. Physical properties of representative profiles from five productivity zones. 

Horizon depth (cm) 
Soil color parameters Particle size distribution, percent by weight Sand size distribution, percent by weight 
L A B Munsell color Sand Silt Clay Very coarse Coarse Medium Fine Very fine 

Very poor  productivity zone 

A 0-15 61.5 3.0 8.0 10YR5/2 98.3 0.96 0.73 0.04 1.48 16.94 58.35 23.03 
E 15-30 55.8 1.9 3.7 10YR5/1 98.9 1.07 0.00 0.01 1.07 17.24 53.00 28.38 
E 30-45 71.3 2.3 4.6 10YR6/1 98.5 0.41 1.09 0.06 1.33 15.08 51.43 31.37 
E 45-60 87.8 2.1 4.3 10YR7/1 98.3 0.97 0.77 0.04 1.54 15.99 52.78 29.38 
E 60-75 82.8 2.0 3.8 10YR8/1 97.8 1.88 0.29 0.04 1.47 15.58 52.22 30.48 
E 75-90 85.1 1.8 3.2 10YR8/1 97.6 2.16 0.20 0.02 1.24 14.50 53.12 30.82 
E 90-105 87.3 1.8 2.7 10YR8/1 98.6 1.05 0.33 0.24 1.44 14.96 52.80 30.25 
E 105-120 80.9 1.5 2.6 10YR8/1 98.1 1.86 0.08 0.37 1.51 15.55 54.47 27.83 
E 120-135 75.0 1.6 2.2 10YR8/1 99.2 0.69 0.13 0.36 1.66 14.54 57.08 26.01 
E 135-150 97.4 1.4 3.4 10YR8/1 98.8 1.03 0.13 0.37 1.61 14.44 57.49 25.69 
E 150-165 90.7 1.6 3.3 10YR8/1 99.2 0.75 0.00 0.29 1.79 14.47 63.00 20.15 
E 165-180 81.5 2.3 3.7 10YR7/1 99.0 0.98 0.00 0.40 1.69 14.34 53.89 29.33 
Bh 180-195 65.0 5.0 9.5 10YR3/2 97.0 2.25 0.72 0.25 1.61 13.71 59.98 24.20 

Poor  productivity zone 

A 0-15 51.7 2.3 6.3 10YR4/1 94.7 4.89 0.37 0.15 2.02 17.15 77.10 3.22 
E 15-30 62.6 2.3 8.0 10YR4/1 96.8 3.01 0.23 0.18 1.94 16.21 77.08 4.24 
E 30-45 72.0 2.8 11.4 10YR5/2 98.6 1.11 0.31 0.18 1.87 15.44 79.37 2.82 
E 45-60 73.4 3.4 13.3 10YR6/3 95.6 4.03 0.40 0.04 2.00 15.94 76.18 5.72 
E 60-75 72.3 3.7 15.6 10YR6/4 94.9 4.72 0.40 0.02 1.92 14.92 78.90 4.01 
E 75-90 68.0 4.5 17.5 10YR6/4 94.8 4.69 0.47 0.04 1.74 14.24 80.98 2.74 
E 90-105 71.1 3.3 13.6 10YR6/4 93.6 5.95 0.40 0.02 1.97 15.16 79.85 2.79 
Bh 105-120 70.9 4.2 17.0 10YR5/3 94.7 4.86 0.48 0.02 1.76 14.69 80.77 2.37 

Medium  productivity zone 

A 0-15 52.1 2.6 5.4 10YR2/2 95.7 3.93 0.40 0.19 1.12 15.16 76.64 6.40 
E 15-30 55.9 2.4 7.1 10YR4/1 97.2 2.53 0.24 0.02 1.44 14.79 80.40 2.98 
E 30-45 60.7 1.5 7.2 10YR5/1 97.5 2.30 0.24 0.18 1.60 15.28 79.27 3.46 
E 45-60 72.5 2.1 7.8 10YR5/2 97.4 2.33 0.31 0.18 1.73 14.93 77.43 5.45 
E 60-75 74.9 1.8 9.7 10YR6/2 97.2 2.52 0.32 0.04 1.48 14.80 80.29 3.01 
E 75-90 82.3 1.9 10.0 10YR7/2 97.3 2.45 0.24 0.02 1.40 14.78 80.53 2.94 
E 90-105 77.8 1.3 8.7 10YR7/2 97.6 2.24 0.16 0.04 1.25 13.11 82.94 2.50 

 



 

 

324 

Table A-2. Continued. 

Horizon depth (cm) 
Soil color parameters Particle size distribution, percent by weight Sand size distribution, percent by weight 
L A B Munsell color Sand Silt Clay Very coarse Coarse Medium Fine Very fine 

E 105-120 80.7 1.8 8.6 10YR7/2 96.8 3.18 0.01 0.04 1.21 13.09 83.07 2.46 
E 120-135 74.0 2.0 8.6 10YR7/2 97.0 2.56 0.48 0.02 1.19 13.09 83.15 2.45 
E 135-150 75.4 2.7 9.4 10YR6/2 96.8 2.80 0.38 0.06 1.23 13.10 82.99 2.48 
E 150-175 74.0 3.4 9.5 10YR6/2 97.1 2.57 0.33 0.04 1.21 13.09 83.03 2.48 
E 175-190 73.4 3.9 9.0 10YR6/2 97.1 2.59 0.32 0.04 1.27 13.12 82.91 2.52 
E 190-205 65.2 4.5 7.9 10YR6/2 97.0 1.79 1.18 0.04 1.42 14.24 80.15 3.74 

Good productivity zone 

A 0-15 78.1 3.3 16.9 10YR3/2 98.2 1.59 0.24 0.10 1.22 12.66 78.72 7.06 
E1 15-30 55.7 2.8 7.8 10YR4/1 97.9 1.91 0.16 0.02 0.98 11.77 81.45 5.62 
E1 30-40 59.1 1.9 4.7 10YR4/1 97.8 1.90 0.31 0.04 0.99 11.20 82.03 5.47 
Bh1 40-45 58.2 2.0 4.7 10YR3/1 97.9 1.85 0.24 0.08 1.03 11.01 82.94 4.67 
Bh1 45-60 55.0 3.1 4.7 10YR4/3 98.1 1.64 0.24 0.08 0.99 10.87 81.71 6.25 
E2 60-75 58.4 6.2 15.0 10YR4/4 98.8 1.12 0.08 0.00 1.33 12.33 78.56 7.68 
E2 75-90 67.7 4.4 14.2 10YR5/3 98.7 1.02 0.24 0.08 1.02 11.32 81.44 6.05 
E2 90-105 75.0 3.8 13.7 10YR7/2 98.8 1.02 0.16 0.01 1.01 10.90 83.51 4.58 
E2 105-120 79.2 2.8 10.1 10YR7/1 99.0 0.67 0.31 0.04 0.97 10.77 83.91 4.21 
E2 120-135 82.2 1.7 9.0 10YR7/1 98.9 0.90 0.24 0.04 0.99 10.21 84.56 4.09 
E2 135-150 90.3 1.7 7.7 10YR7/1 98.2 1.53 0.24 0.10 1.10 8.51 83.25 6.96 
E2 150-165 89.6 2.2 7.2 10YR6/2 97.6 2.25 0.16 0.01 1.28 9.46 81.76 7.35 
Bh2 165-180 74.1 4.6 7.7 10YR5/3 96.7 3.19 0.16 0.10 1.63 10.24 80.65 6.74 
Bh3 180-195 70.2 4.2 7.8 10YR3/4 95.1 3.85 1.06 0.15 1.07 7.56 83.81 6.77 

Very good productivity zone 

A 0-15 46.0 17.0 31.9 10YR2/1 96.7 2.44 0.82 0.02 1.02 11.61 77.97 9.28 
Bh1 15-30 56.3 12.7 22.2 10YR2/2 96.4 2.78 0.81 0.02 1.22 13.44 77.68 7.58 
Bh2 30-45 55.4 12.3 22.0 10YR3/1 96.8 2.47 0.71 0.15 1.00 11.27 79.87 7.44 
E 45-60 52.2 3.4 8.6 10YR3/2 95.9 3.38 0.72 0.10 1.13 12.56 72.33 13.75 
E 60-75 67.1 3.0 7.3 10YR5/1 97.5 1.84 0.71 0.10 1.39 13.87 75.87 8.62 
E 75-90 73.8 3.2 8.2 10YR5/1 97.4 1.72 0.87 0.04 1.54 13.11 78.04 7.17 
E 90-105 77.8 2.3 8.3 10YR6/2 97.6 1.71 0.73 0.04 1.20 12.06 78.66 7.96 
E 105-120 74.0 3.9 9.7 10YR7/2 96.9 2.41 0.71 0.04 1.63 13.41 74.42 10.39 
E 120-135 83.5 2.0 8.1 10YR7/2 97.2 2.15 0.63 0.04 1.32 12.20 78.47 7.91 
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Table A-2. Continued. 

Horizon depth (cm) 

Soil color parameters Particle size distribution, percent by weight Sand size distribution, percent by weight 

L A B Munsell color Sand Silt Clay Very coarse Coarse Medium Fine Very fine 

E 135-150 87.4 2.2 8.8 10YR7/2 97.2 2.05 0.71 0.02 1.13 11.29 77.81 9.68 
E 150-165 90.4 2.5 8.9 10YR7/2 97.2 2.09 0.74 0.01 1.28 11.77 73.34 13.57 
Bh1/ 165-180 51.2 3.5 9.2 10YR5/3 94.1 4.78 1.16 0.04 1.42 10.69 77.07 10.71 
Bh2/ 180-195 52.9 4.5 9.6 10YR4/2 94.2 4.46 1.38 0.15 1.45 11.75 74.68 11.86 
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Table A-3.   Relationship between soil chemical and physical properties of the citrus grove at four cumulative depths 
 L*§ a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 

0 - 15 cm 

pH -0.278† 0.283 -0.069 0.063 -0.128 0.085 -0.250 -0.140 -0.088 0.039 0.050 -0.192 -0.050 0.545 -0.113 0.414 

 0.137‡ 0.129 0.717 0.743 0.501 0.655 0.183 0.460 0.645 0.839 0.792 0.621 0.898 0.342 0.552 0.488 

EC -0.037 0.203 0.341 -0.405 0.415 -0.017 0.189 0.060 -0.210 0.192 -0.074 -0.074 -0.532 0.620 0.540 0.507 

 0.844 0.283 0.066 0.027 0.023 0.927 0.317 0.754 0.264 0.310 0.697 0.850 0.140 0.264 0.002 0.384 

OM -0.473† 0.391 0.255 -0.678 0.741 0.027 0.099 0.002 -0.261 0.225 -0.021 -0.276 -0.271 0.686 0.833 0.620 

 0.008‡ 0.033 0.174 <.0001 <.0001 0.887 0.601 0.993 0.163 0.233 0.914 0.472 0.480 0.201 <.0001 0.264 

CEC -0.585 0.583 0.338 -0.567 0.603 0.042 -0.119 0.030 -0.232 0.219 -0.049 -0.698 -0.055 0.737 0.846 0.619 

 0.001 0.001 0.068 0.001 0.0002 0.825 0.533 0.876 0.216 0.244 0.796 0.037 0.888 0.156 <.0001 0.265 

P
 ††

 -0.317 0.416 0.566 -0.227 0.264 -0.150 0.071 0.215 0.035 -0.074 0.034 -0.387 -0.209 0.765 0.572 0.647 

 0.088 0.022 0.001 0.228 0.158 0.429 0.709 0.255 0.854 0.696 0.859 0.304 0.590 0.132 0.001 0.238 

K
††

 -0.308 0.287 0.239 -0.557 0.617 -0.052 0.207 0.215 -0.004 0.188 -0.179 -0.156 -0.201 0.768 0.652 0.691 

 0.097 0.124 0.204 0.001 0.0002 0.787 0.273 0.253 0.984 0.320 0.345 0.688 0.604 0.129 <.0001 0.196 

Mg
††

 -0.354 0.362 0.041 -0.434 0.433 0.021 0.142 0.106 0.005 0.094 -0.030 -0.239 -0.158 -0.716 0.541 -0.633 

 0.055 0.049 0.829 0.017 0.017 0.912 0.456 0.578 0.979 0.622 0.875 0.536 0.685 0.174 0.002 0.252 

Ca
††

 -0.549 0.519 0.292 -0.527 0.531 0.080 -0.066 0.072 -0.144 0.088 0.028 -0.391 -0.040 0.838 0.745 0.815 

 0.002 0.003 0.118 0.003 0.003 0.674 0.731 0.705 0.447 0.645 0.885 0.298 0.918 0.077 <.0001 0.093 

Mn
††

 -0.154 0.167 0.244 0.027 -0.010 -0.169 0.106 0.273 0.197 -0.250 0.155 0.334 -0.183 -0.519 0.317 -0.600 

 0.417 0.378 0.194 0.888 0.957 0.373 0.577 0.144 0.298 0.183 0.412 0.379 0.637 0.370 0.088 0.285 

Fe
††

 0.164 -0.163 0.266 0.256 -0.288 -0.158 0.263 0.364 0.440 -0.369 0.049 0.771 -0.010 0.339 -0.034 0.199 

 0.388 0.390 0.156 0.173 0.123 0.403 0.160 0.048 0.015 0.045 0.799 0.015 0.979 0.576 0.858 0.748 

Fe
§§

 -0.023 -0.099 0.106 -0.141 0.134 -0.197 0.288 0.383 0.351 -0.184 -0.056 0.787 -0.521 0.545 0.340 0.414 

 0.902 0.603 0.578 0.457 0.479 0.297 0.123 0.036 0.057 0.331 0.767 0.012 0.151 0.342 0.066 0.488 

Al
§§

 -0.246 0.266 0.497 -0.467 0.576 -0.114 0.123 -0.016 -0.222 0.331 -0.194 -0.405 -0.298 0.620 0.601 0.507 

 0.191 0.156 0.005 0.009 0.001 0.549 0.516 0.934 0.238 0.074 0.305 0.280 0.436 0.264 0.0004 0.384 
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Table A-3. Continued. 
 L*§ a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 

0 - 30 cm 

pH -0.220 0.330 -0.140 -0.050 0.012 0.133 -0.278 -0.225 -0.280 0.031 0.137 -0.321 0.087 0.600 -0.087 0.477 

 0.242 0.075 0.459 0.794 0.949 0.484 0.136 0.232 0.134 0.873 0.469 0.367 0.811 0.284 0.649 0.417 

EC -0.340 0.252 0.436 -0.454 0.442 0.144 0.130 0.125 -0.174 0.202 -0.144 -0.153 -0.367 0.620 0.605 0.526 

 0.066 0.178 0.016 0.012 0.015 0.446 0.492 0.511 0.359 0.285 0.448 0.673 0.297 0.265 0.000 0.363 

OM -0.740 0.436 0.512 -0.723 0.733 0.337 -0.004 0.021 -0.308 0.248 -0.106 -0.281 -0.102 0.779 0.921 0.674 

 <.0001 0.016 0.004 <.0001 <.0001 0.069 0.985 0.911 0.098 0.187 0.577 0.431 0.779 0.120 <.0001 0.212 

CEC -0.749 0.593 0.497 -0.704 0.693 0.389 -0.019 -0.004 -0.365 0.298 -0.130 -0.438 -0.154 0.658 0.879 0.518 

 <.0001 0.001 0.005 <.0001 <.0001 0.034 0.922 0.984 0.048 0.109 0.494 0.206 0.671 0.228 <.0001 0.372 

P
 ‡‡

 -0.617 0.461 0.684 -0.380 0.395 0.152 -0.105 0.096 -0.193 0.214 -0.162 -0.248 -0.213 0.717 0.746 0.594 

 0.0003 0.010 <.0001 0.038 0.031 0.422 0.582 0.614 0.308 0.257 0.392 0.490 0.555 0.173 <.0001 0.291 

K
‡‡

 -0.494 0.333 0.425 -0.630 0.642 0.176 0.230 0.189 -0.139 0.384 -0.367 -0.141 -0.245 0.679 0.757 0.619 

 0.006 0.072 0.019 0.0002 0.0002 0.351 0.221 0.317 0.464 0.036 0.046 0.698 0.495 0.207 <.0001 0.265 

Mg
‡‡

 -0.468 0.450 0.189 -0.507 0.483 0.308 0.175 0.067 -0.179 0.214 -0.084 -0.095 0.068 0.087 0.550 0.002 

 0.009 0.013 0.316 0.004 0.007 0.098 0.355 0.725 0.344 0.255 0.659 0.795 0.852 0.889 0.002 0.997 

Ca
‡‡

 -0.764 0.548 0.368 -0.654 0.643 0.386 -0.071 -0.024 -0.323 0.199 -0.056 -0.273 0.053 0.747 0.767 0.710 

 <.0001 0.002 0.045 <.0001 0.0001 0.035 0.708 0.900 0.082 0.293 0.770 0.446 0.884 0.147 <.0001 0.179 

Mn
‡‡

 -0.243 0.248 0.324 -0.020 0.009 -0.027 0.187 0.296 0.206 -0.183 0.108 0.381 0.284 -0.175 0.279 -0.304 

 0.195 0.186 0.081 0.917 0.964 0.887 0.321 0.113 0.276 0.333 0.568 0.277 0.426 0.779 0.136 0.619 

Fe
‡‡

 -0.094 0.094 0.662 0.058 -0.038 -0.013 0.068 0.239 0.165 0.005 -0.113 0.139 -0.043 0.248 0.316 0.102 

 0.620 0.621 <.0001 0.761 0.842 0.947 0.723 0.203 0.384 0.981 0.551 0.702 0.906 0.688 0.089 0.871 

Fe
§§

 -0.160 -0.021 0.402 -0.233 0.263 -0.100 0.311 0.396 0.244 0.036 -0.198 0.441 -0.270 0.600 0.454 0.477 

 0.397 0.913 0.028 0.216 0.161 0.599 0.094 0.030 0.194 0.851 0.294 0.202 0.451 0.284 0.012 0.417 

Al
§§

 -0.443 0.220 0.678 -0.460 0.515 0.105 -0.032 0.081 -0.155 0.337 -0.321 -0.155 -0.400 0.620 0.702 0.526 

 0.014 0.243 <.0001 0.011 0.004 0.579 0.867 0.672 0.413 0.069 0.083 0.670 0.252 0.265 <.0001 0.363 
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Table A-3. Continued.  
 L*§ a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 

0 - 45 cm 

pH -0.198 0.293 -0.227 -0.101 0.042 0.138 -0.231 -0.267 -0.329 -0.042 0.264 -0.374 0.168 0.646 -0.019 0.530 

 0.295 0.116 0.228 0.594 0.825 0.468 0.219 0.153 0.076 0.824 0.159 0.287 0.644 0.239 0.921 0.358 

EC -0.449 0.261 0.530 -0.460 0.471 0.074 0.144 0.180 -0.107 0.193 -0.198 -0.357 -0.445 0.688 0.594 0.594 

 0.013 0.163 0.003 0.011 0.009 0.697 0.447 0.341 0.573 0.307 0.293 0.311 0.197 0.199 0.001 0.290 

OM -0.776 0.474 0.696 -0.783 0.778 0.296 0.048 0.109 -0.239 0.236 -0.170 -0.507 -0.240 0.776 0.922 0.672 

 <.0001 0.008 <.0001 <.0001 <.0001 0.112 0.800 0.568 0.203 0.210 0.368 0.135 0.504 0.123 <.0001 0.214 

CEC -0.807 0.606 0.592 -0.824 0.793 0.348 -0.015 0.017 -0.357 0.288 -0.142 -0.604 -0.224 0.644 0.912 0.532 

 <.0001 0.000 0.001 <.0001 <.0001 0.060 0.938 0.928 0.053 0.123 0.453 0.064 0.535 0.241 <.0001 0.357 

P
 ‡‡

 -0.719 0.466 0.721 -0.630 0.646 0.104 -0.098 0.123 -0.172 0.271 -0.274 -0.457 -0.411 0.713 0.790 0.601 

 <.0001 0.010 <.0001 0.000 0.000 0.586 0.606 0.518 0.363 0.148 0.144 0.184 0.238 0.177 <.0001 0.283 

K
‡‡

 -0.587 0.380 0.588 -0.663 0.702 0.057 0.210 0.194 -0.130 0.341 -0.360 -0.283 -0.445 0.689 0.809 0.625 

 0.001 0.038 0.001 <.0001 <.0001 0.764 0.265 0.303 0.494 0.065 0.051 0.428 0.198 0.198 <.0001 0.260 

Mg
‡‡

 -0.582 0.462 0.229 -0.624 0.577 0.329 0.101 -0.001 -0.287 0.250 -0.089 -0.302 -0.233 0.266 0.627 0.189 

 0.001 0.010 0.224 0.000 0.001 0.076 0.594 0.997 0.125 0.183 0.641 0.396 0.518 0.665 0.000 0.760 

Ca
‡‡

 -0.791 0.539 0.411 -0.752 0.687 0.388 -0.078 -0.032 -0.366 0.175 -0.003 -0.500 -0.146 0.744 0.782 0.714 

 <.0001 0.002 0.024 <.0001 <.0001 0.034 0.682 0.869 0.046 0.356 0.988 0.142 0.687 0.149 <.0001 0.175 

Mn
‡‡

 -0.223 0.223 0.277 -0.026 0.015 0.001 0.223 0.314 0.190 -0.220 0.159 0.288 -0.011 -0.123 0.139 -0.203 

 0.236 0.236 0.138 0.892 0.939 0.998 0.237 0.091 0.313 0.244 0.403 0.419 0.977 0.844 0.464 0.744 

Fe
‡‡

 -0.129 0.135 0.751 -0.109 0.156 -0.003 0.123 0.257 0.145 0.121 -0.266 -0.224 -0.295 0.349 0.281 0.230 

 0.497 0.476 <.0001 0.568 0.410 0.987 0.516 0.171 0.445 0.525 0.156 0.533 0.409 0.565 0.132 0.710 

Fe
§§

 -0.117 -0.013 0.538 -0.255 0.352 -0.191 0.345 0.424 0.233 0.141 -0.352 0.173 -0.519 0.646 0.366 0.530 

 0.539 0.946 0.002 0.173 0.056 0.312 0.062 0.020 0.216 0.457 0.056 0.632 0.124 0.239 0.047 0.358 

Al
§§

 -0.558 0.336 0.827 -0.620 0.679 0.058 -0.007 0.153 -0.111 0.327 -0.363 -0.297 -0.478 0.688 0.767 0.594 

 0.001 0.069 <.0001 0.000 <.0001 0.761 0.970 0.419 0.561 0.077 0.049 0.405 0.163 0.199 <.0001 0.290 

 



 

 

329 

Table A-3. Continued.  
 L*§ a*§ b*§ Sand Silt Clay VC¶ C¶ M¶ F¶ VF¶ Ksat BD # FC†† PWP†† WHC†† 

0 - 60 cm 

pH -0.144 0.227 -0.312 -0.040 -0.038 0.121 -0.292 -0.260 -0.314 -0.086 0.309 -0.415 0.249 0.681 -0.045 0.571 

 0.447 0.228 0.093 0.833 0.842 0.523 0.118 0.165 0.092 0.651 0.097 0.233 0.488 0.206 0.814 0.315 

EC 0.032 0.084 -0.212 0.134 -0.165 -0.017 -0.060 0.025 0.089 -0.162 0.122 -0.377 -0.502 0.689 -0.043 0.606 

 0.866 0.660 0.261 0.482 0.385 0.928 0.754 0.895 0.641 0.391 0.520 0.283 0.140 0.198 0.822 0.278 

OM -0.800 0.504 0.757 -0.816 0.816 0.309 0.046 0.139 -0.266 0.275 -0.222 -0.625 -0.237 0.805 0.887 0.707 

 <.0001 0.005 <.0001 <.0001 <.0001 0.097 0.810 0.464 0.155 0.142 0.239 0.053 0.510 0.100 <.0001 0.181 

CEC -0.823 0.607 0.600 -0.840 0.814 0.347 -0.063 0.032 -0.400 0.323 -0.175 -0.702 -0.242 0.667 0.912 0.550 

 <.0001 0.0004 0.001 <.0001 <.0001 0.060 0.740 0.868 0.028 0.082 0.355 0.024 0.501 0.219 <.0001 0.337 

P
 ‡‡

 -0.777 0.492 0.728 -0.690 0.729 0.086 -0.184 0.074 -0.290 0.360 -0.317 -0.596 -0.400 0.697 0.832 0.599 

 <.0001 0.006 <.0001 <.0001 <.0001 0.651 0.330 0.698 0.120 0.051 0.088 0.069 0.252 0.191 <.0001 0.286 

K
‡‡

 -0.596 0.410 0.666 -0.688 0.736 0.041 0.218 0.240 -0.118 0.360 -0.401 -0.328 -0.496 0.644 0.778 0.595 

 0.001 0.025 <.0001 <.0001 <.0001 0.832 0.247 0.201 0.534 0.051 0.028 0.355 0.145 0.241 <.0001 0.289 

Mg
‡‡

 -0.629 0.473 0.248 -0.629 0.573 0.348 0.076 -0.030 -0.350 0.285 -0.111 -0.518 -0.240 0.265 0.609 0.196 

 0.0002 0.008 0.186 0.0002 0.001 0.060 0.691 0.874 0.058 0.127 0.559 0.125 0.504 0.667 0.000 0.752 

Ca
‡‡

 -0.776 0.542 0.412 -0.728 0.660 0.401 -0.138 -0.037 -0.421 0.197 -0.005 -0.626 -0.162 0.728 0.742 0.707 

 <.0001 0.002 0.024 <.0001 <.0001 0.028 0.469 0.847 0.020 0.296 0.977 0.053 0.656 0.163 <.0001 0.182 

Mn
‡‡

 -0.147 0.226 0.281 -0.006 -0.007 0.008 0.148 0.309 0.197 -0.194 0.137 0.065 -0.018 
-
0.059 0.066 -0.149 

 0.438 0.231 0.133 0.976 0.970 0.965 0.434 0.096 0.296 0.303 0.469 0.859 0.962 0.924 0.728 0.811 

Fe
‡‡

 -0.168 0.126 0.744 -0.251 0.309 0.037 0.111 0.252 0.120 0.197 -0.350 -0.277 -0.238 0.480 0.346 0.357 

 0.376 0.505 <.0001 0.181 0.097 0.845 0.561 0.179 0.526 0.298 0.058 0.438 0.508 0.413 0.061 0.555 

Fe§§ -0.111 0.010 0.630 -0.377 0.467 -0.151 0.264 0.424 0.221 0.190 -0.402 0.129 -0.531 0.681 0.393 0.571 

 0.561 0.960 0.0002 0.040 0.009 0.425 0.159 0.020 0.241 0.315 0.028 0.723 0.114 0.206 0.032 0.315 

Al§§ -0.620 0.383 0.876 -0.675 0.748 0.058 -0.028 0.168 -0.158 0.367 -0.398 -0.369 -0.497 0.689 0.786 0.606 

 0.0003 0.037 <.0001 <.0001 <.0001 0.759 0.883 0.376 0.403 0.046 0.030 0.295 0.144 0.198 <.0001 0.278 
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Table A-3. Continued.  
 † Correlation coefficient (r); n = 30, except Ksat and BD (n = 10) and FC and WHC (n = 5) 
‡ Prob > r;   
§  Soil color parameters  L*, lightness; a*, red green scale; b*, yellow blue scale.  
¶ Sand size distribution VC, Very coarse; C, coarse; M, medium; F fine; VF, very fine.   
#  Bulk density.   
††Volumetric water contents at field capacity, permanent wilting point and water holding capacity.  
‡‡  Mehlich I-extractable nutrients. 
§§  Oxalate-extractable nutrients. 
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Table A-4. Relationship between soil chemical and microbiological properties of the citrus grove 
at two cumulative depths. 

 0-15 cm 0-30 cm 
 AWCD Glucosidase Xylosidase Phosphatase AWCD Glucosidase Xylosidase Phosphatase 
pH -0.036†  0.219  0.200  0.140  0.058  0.277  0.156 0.086 
  0.851‡  0.244  0.288  0.461  0.759  0.139  0.410 0.651 
EC -0.138  0.189 -0.069  0.449  0.037  0.203 -0.028 0.495 
  0.468  0.317  0.715  0.013  0.846  0.282  0.884 0.005 
OM  0.020  0.260 -0.356  0.553  0.243  0.330 -0.204 0.572 
  0.915  0.165  0.054  0.002  0.196  0.075  0.280 0.001 
CEC  0.048  0.427  0.012  0.514  0.260  0.441 -0.099 0.557 
  0.802  0.019  0.950  0.004  0.165  0.015  0.602 0.001 
Mehlich I-extractable nutrients  
P -0.110  0.325  0.097  0.382  0.225  0.321  0.110 0.427 
  0.562  0.079  0.611  0.037  0.231  0.083  0.564 0.019 
K -0.063  0.127 -0.217  0.473  0.197  0.155 -0.017 0.558 
  0.740  0.502  0.249  0.008  0.296  0.414  0.929 0.001 
Mg -0.162  0.141 -0.288  0.276  0.049  0.238 -0.301 0.340 
  0.393  0.458  0.123  0.139  0.798  0.205  0.107 0.066 
Ca -0.115  0.414 -0.222  0.500  0.192  0.421 -0.156 0.505 
  0.545  0.023  0.238  0.005  0.310  0.020  0.411 0.005 
Mn -0.180  0.062 -0.246  0.124  0.032  0.116 -0.208 0.084 
  0.342  0.746  0.191  0.514  0.865  0.542  0.270 0.658 
Fe -0.278 -0.200  0.080 -0.052 -0.030 -0.053  0.103 0.048 
  0.136  0.289  0.673  0.785  0.875  0.779  0.589 0.802 
Oxalate-extractable nutrients  
Fe -0.354 -0.165 -0.106  0.198 -0.192 -0.171 -0.006 0.221 
  0.055  0.384  0.577  0.294  0.309  0.368  0.976 0.240 
Al  0.109  0.171 -0.054  0.302  0.302  0.094 -0.041 0.292 
  0.565 0.365  0.776  0.105  0.105  0.621  0.831 0.118 

  † Correlation coefficient (r); n = 30. 
  ‡ Prob > r.  
§ Average well color development. 
 
Table A-5. ANOVA table for soil pH.  
Source of 
variation 

 Degrees 
of 
freedom 

Sum of 
squares 

Mean 
sum of 
squares 

Calculated F 
value  

         p value 

Treatment  19 17.8 0.94 4.4 <0.0001 
 Productivity 

zone 
4 14.3 3.57 16.93 <0.0001 

 Depth 3 1.46 0.48 2.32 0.0804 
 Productivity 

zone* depth 
12 2.04 0.17 0.81 0.6439 

Error   100 21.1 021   
Total  119 38.9    
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Table A-6. ANOVA table for sorghum shoot length.  
Source of 
variation 

 Degrees 
of 
freedom 

Sum of 
squares 

Mean 
sum of 
squares 

Calculated F 
value  

        p value 

Treatment  19 0.09 0.0049 3.45 <0.0001 
 Productivity 

zone 
4 0.03 0.007 5.09 0.0009 

 Depth 3 0.04 0.013 9.26 <0.0001 
 Productivity 

zone* depth 
12 0.025 0.002 1.45 0.1552 

Error   100 0.14 0.001   
Total  119 0.24    
 
Table A-7. ANOVA Table for sorghum shoot length. 
Source of 
variation 

 Degrees 
of 
freedom 

Sum of 
squares 

Mean 
sum of 
squares 

Calculated 
F value  

     p value 

Model  22 840 38 2.02 0.017 
Block  3 137.81 45.94 2.43 0.07 
Treatment  19     
 Soil 1 96.58 96.58 5.12 0.03 
 Water 1 269.75 269.75 14.30 0.00 
 Amendment 1 3.15 3.15 0.17 0.68 
 Rate 2 15.78 7.89 0.42 0.66 
 Soil*water 1 28.68 28.68 1.52 0.22 
 Soil*amend 1 41.93 41.93 2.22 0.14 
 Soil*rate 2 50.62 25.31 1.34 0.27 
 Water*rate 2 1.04 0.52 0.03 0.97 
 Water*amend 1 1.96 1.96 0.10 0.75 
 Amend*rate 1 47.27 47.27 2.51 0.12 
 Soil*water*amend 1 23.04 23.04 1.22 0.27 
 Soil*amend*rate 1 26.27 26.27 1.39 0.24 
 Soil*water*rate 2 2.70 1.35 0.07 0.93 
 Water*amend*rate 1 45.56 45.56 2.41 0.13 
 soil*water*amend*rate 1 47.61 47.61 2.52 0.12 
Error  57 1075 18.9   
Total  79 1915    
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