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ABSTRACT 

 

Annual application of N at rates of 118 (118N), 236 (236N), and 354 (354N) 

kg·ha-1 on 35 year old ‘Western Schley’ pecan trees during four years had  little effect on 

mineral composition and foliar N. No differences in yield, nut quality, and reproductive 

characteristics were found. Alternate bearing intensity in four consecutive years was 37, 

33 and 28% in 118N, 236N, and 354N, respectively, with a significant linear response. 

Rates from 118 to 236 kg N·ha-1 satisfy N needs for pecan in irrigated pecan orchard of 

the southwest of United States. 

 

The effect of one-time banding of zinc sulfate (74 kg Zn·ha-1) and zinc-EDTA (19 

kg Zn·ha-1) was evaluated over a period of four years on ‘Wichita’ pecans growing in 

alkaline soil. Significant differences in foliar Zn levels were found one month after 

application of Zinc-EDTA. Differences also were noted during the next three years on 

approximately 25% of the sampling dates. Yield, leaflet area, and trunk cross sectional 

area were not affected. Zinc-EDTA increased Zn uptake by ‘Wichita’ pecan trees in 

alkaline conditions during three years. 

 

A field study indicated that manure or manure plus Zn increased foliar Zn levels 

in pecans after two years of annual applications. Manure (24 ton ha-1) plus zinc sulfate 

(258 kg Zn·ha-1 as zinc sulfate) treatment had the highest foliar Zn levels. No differences 

were observed in trunk growth, leaf area, leaf weight, nut filling, and yield.  
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Manganese toxicity symptoms are exhibited when leaf Mn levels are higher than 

1700 µg·g-1 during the standard date sampling of July and affected reproductive 

characteristics and leaf and shoot growth. More severe visible symptoms include delayed 

budbreak and die-back of young shoots. 

 

In potted pecan trees, zinc EDTA treated trees had a foliar Zn of 244 µg·g-1, in 

foliar sprayed trees (eight foliar sprays of a combination of zinc sulfate and UAN32) had 

140 µg·g-1, and in control trees had 33 µg·g-1.  Soil adsorption isotherms showed that of 

the three fertilizers evaluated Zn sulfate was adsorbed most strongly by the soil (1.5 mg 

Zn·g-1 of soil). Soil adsorption from Zn EDTA solutions was insignificant. 
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INTRODUCTION 

Pecans are native to river banks in the eastern United States and Mexico and can 

be found throughout the southern Mississippi River valley.  Under cultivation, pecans are 

grown across the southern United States and northern Mexico. The climate where pecans 

are grown in Mexico and in the southwest United States is characterized as arid and 

semiarid. Under these conditions, alkaline soils with carbonate accumulation and low 

levels of organic matter are found. In the last ten years, average nut production in United 

States was 275 million pounds, with Mexico producing 75 million. Yield and quality are 

affected mainly by water, sunlight, and fertilization. The two most important nutrients 

applied to this crop are nitrogen and zinc. Toxicities of manganese and boron have 

occurred in isolated areas in Arizona. 

 

The general recommendation for N fertilization is to apply 10 percent of the 

expected crop yield (i.e. apply 100 kg.ha-1 for an expected yield of 1000 kg.ha-1). This 

management scheme does not take in account the type of soil, irrigation system, cultivar, 

and rootstock. This general recommendation is often adjusted using summer leaf 

analysis. There is a lack of information on N management techniques for the semiarid 

southwestern pecan production area where organic matter is typically less than 1 percent.  

 

Supply of Zn is accomplished through foliar application of dilute Zn solutions 

during shoot growth. This application method has proven to be effective, however, it has 

some disadvantages; labor requirements, timing with other practices, soil compaction, 
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and distribution of zinc in trees.  Few studies have evaluated soil application of Zn to 

pecan trees grown in calcareous soils. 

 

Manganese toxicity can cause shoot die back and eventually cause death to the 

tree. Manganese toxicity has been observed in one location in southeastern Arizona with 

poorly aerated acidic soils.  There are no reports of this problem in other pecan 

production areas. 

 

We conducted several studies to evaluate effects of N, Zn, and Mn on the growth, 

yield, and quality of pecan in the hot and dry conditions of the southwestern United 

States with the following objectives:  

• determine effects of N application on growth, nutritional status, 

yield, and quality of pecans 

• evaluate the effect of soil application of Zn EDTA and Zn sulfate 

in commercial orchards on pecan mineral composition, growth, yield and quality 

• determine the effect of the application of manure and Zn sulfate 

and their combination in a commercial orchard on mineral composition, yield and 

quality 

• evaluate the effect of soil Zn fertilization using inorganic salts, 

organic compounds, and organic matter on the growth and mineral composition of 

potted plants under controlled conditions 
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• determine the adsorption of various Zn materials to calcareous 

soils  

• describe and characterize the relationship between high foliar Mn 

levels and leaf growth and reproductive characteristics of pecans. 



 21

Literature review 

Nitrogen nutrition 

Introduction 

Since the beginning of the pecan industry in the past century, N has been 

considered as a key component in pecan profitability. Inorganic soils typically supply 

insufficient N to satisfy pecan requirements. Nitrogen is involved in many physiological 

processes such as photosynthesis, respiration, cell division, and flower formation, among 

others. As a perennial tree, nutrients are cycled in the plant, so there is mobilization from 

reserve tissues to new growth, and mobilization from leaves occurs before they are 

detached from the tree in the fall. When pecan trees do not have normal growth, good 

yield, high quality pecans, or regular crops in consecutive years, N is usually applied. 

This review will present information about N uptake, physiological processes affected by 

N status, and effects of other nutrients on N physiology. Also included will be a 

discussion of the fate of N in the plant during the season. The effect of N application, 

including rate, timing, and source on yield, quality, and alternate bearing will be 

presented. 

 

Nitrogen uptake and translocation 

Nitrate (NO3
-) and ammonium (NH4

+) are the two main inorganic N fractions in 

mineral soils. Nitrate is the major form of soil N in pecan orchards. A study to determine 

nitrate and ammonium leaching rates in a pecan orchard intercropped with cotton was 

carried out using lysimeters at 30 and 90 cm depths. Nitrate N accounted for 99% of the 
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inorganic N leached from 90 cm depth. The amount of N leached below 90 cm was 15.76 

kg·ha-1 when the alleys were cropped with cotton, and 43.9 kg·ha-1 when a barrier of 

plastic was placed 1.5 m from the trunk of the tree and 0.9 m deep. Pruned roots can 

decrease the interception of nitrates and increase the amount of N leaching (Allen et al., 

2004a). 

Nitrogen mineralization is affected by environmental conditions such as 

temperature. In a pecan-cotton system in Florida, N mineralization from organic poultry 

litter (2-3-2) and fertilizer (3-9-18) was increased as temperature increased.  The 

maximum mineralization rate was 42 kg·ha-1 during summer months of July and August 

when soil temperatures were between 27 to 29 ºC (Allen et al., 2005). 

The nitrate and ammonium ratio affects pecan seedling growth. According to Kim 

et al (2002) high ratios of ammonium:nitrate in seedling plants growing in hydroponic 

media caused stunted plants and the foliage was thicker and darker, but no phytotoxicity 

symptoms were shown. Roots growing in ammonium-rich media show reduced growth 

and tissue distortion. Highest biomass accumulation was obtained with the ratios of 25:75 

and 50:50. Greatest root:shoot ratio was with the 50:50 ammonium:nitrate ratio. Mineral 

composition also was affected.  Plants grown in an ammonium-rich media had lower 

concentrations of Ca, Mg, and Mn. On a plant dry weight basis, pecans absorbed more 

ammonium than nitrate.  The rate of nitrate absorption was the same with high or low 

levels of nitrate in the growing media solution, so Kim et al. (2002) concluded that 

pecans have a more specific absorption pathway to take up nitrates than ammonium. 
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The N absorption rate changes during the season. Around 70% of total N is 

absorbed by trees during the vegetative season with the remaining 30% absorbed during 

dormancy, from November to April (Acuna-Maldonado et al., 2003). 

Once nitrate is absorbed by roots it is transformed to ammonia via two enzymes, 

nitrate reductase and nitrite reductase. Ammonia is toxic to plants and needs to be 

processed to form N compounds. Leaves of trees and shrubs contain only very low levels 

of nitrates because nitrate reduction occur in the roots (Sanderson and Cocking, 1964). 

Xylem sap is rich in amino acids such as asparagine and glutamine and it is believed that 

the presence of these compounds in xylem sap is for transport of N with a minimum 

content of carbohydrates in the sap (Pate, 1980). This process of nitrate reduction and 

transportation has not been studied in pecans. 

 

Nitrogen partitioning and mobilization 

Nitrogen concentrations and distribution in various tissues of the plant changes 

during the season (Acuna-Maldonado et al., 2003). During budbreak the N distribution in 

pecan tissues in New Mexico was: 15% in roots < 1 cm, 45% in roots > 1 cm, 19% in 

wood, 14% in bark, 3% in 1 year old shoots, and 3% in current-year shoots. During 

November prior to harvest in a high yielding year, N was distributed as follows: 11% in 

roots < 1 cm, 30% in roots > 1 cm, 16% wood, 11% in bark, 2% in 1 year old shoots, 2% 

in current-year shoots, 22% in leaves, and 5% in fruit. The greatest changes in N 

distribution in perennial tissues occurred in roots >1 cm, with N dropping from 44 to 

30%. This type of root seems to be the biggest reserve pool for plant. Movement from 
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leaves to reserves seems to be dependent on yield. Based on the assumption that all N 

absorbed by fruits come from leaves, calculations from this same study indicate that in 

low yielding years movement from leaves to the other perennial parts ranges from 35-

48% of leaf N. In high yielding years, only 9% moved from leaves to perennial parts of 

the tree.  

Root N concentrations also change during the year, ranging from 0.30 to 0.50%. 

There is a reduction of N in roots during rapid spring growth but N concentration 

increases during the dormant season (Smith and Waugh, 1938). 

Enriched 15N ammonium sulfate was applied to adult pecan trees in New Mexico 

was later found in one, two, and three year old shoots (Kraimer et al., 2001). The percent 

of 15N was least in older and most in younger tissues. Labeled N was present in leaves 

and catkins in the same year of application. 

A study was conducted to evaluate the effect of a pre-bud break (PBB) 

application of N in combination with application during rapid fruit development (RFD) 

(Smith et al., 2007). Nitrogen was applied at a rate of 1.7 g N·cm-2 cross sectional trunk 

area. In the PBB treatment 100% of N was applied in March using 15N, and in the RFD 

treatment 70% was applied on March and 30% in July. The July application was also 

labeled with 15N. Recovery from total application in March was 7.2%, and 11% from the 

July application. Trees that received only N in March absorbed 118% as much N as those 

that also received a July application. In the second year of study nitrogen was applied in 

the same way but using commercial fertilizers. At harvest in November fruit contained 

41% and 36% of the total N absorbed during the first year from the March and July 
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applications, respectively. About 3% of the N in fruit was derived from fertilizer applied 

during the current year. At the end of the second season, recovery was 12% for the March 

application and 19% for the July application, 93% more N absorbed from March 

application. Nitrogen recovered from March applications increased around 50% while 

trees were dormant, but there was little change in N recovery during dormant period 

when N was applied in July.  During the year of application, fertilizer recovery was 

similar in shuck, shell, and kernel tissues when 15N enriched fertilizer was applied in 

March. When 15N was applied in July, more fertilizer moved to the kernel than the shuck 

and shell, indicating a rapid absorption to the fruit, especially to the developing kernel.  

In both treatments, most fruit N was derived from tree storage reserves. In the year 

following application, 15N was highest in shucks and lowest in kernels for the March 

application; thus, N enrichment from the previous year was being depleted. In contrast, 

fertilizer 15N was higher in kernels than in shucks and shells when 15N was applied during 

July of the previous year, indicating that the N applied in July of the previous season was 

being utilized in the latter part of the subsequent growing season. This study 

demonstrates that pecans use the majority of the N from reserves for annual growth. 

 

Nitrogen cycling 

Pecan leaf litter releases N slowly to pecan trees. Forty-nine year old pecan trees 

planted on 18 x 18 m spacing each produced 86 kg of leaf litter (2,654 kg·ha-1) containing 

1.88% of N (Allen et al., 2004b). This represents approximately 48 kg·ha-1.  Nitrogen 

from leaves moves to reserve organs as trees go into dormancy.  The foliar N 
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concentration prior to dormancy was 2.21%, and 15% (8.4 kg·ha-1) of the N in leaves was 

translocated to permanent tissues prior to leaf drop in the fall.  In other fruit tree species, 

N recovered from leaves represents a major part of the stored pool. In Pistachio about 

30% of the N present in the leaves in September is translocated to the reserve organs 

(Rosecrance et al., 1998). Nitrogen absorption is regulated by crop load in pistachio, in 

years with high yield 35% more N is absorbed as compared with low yielding years 

(Rosecrance et al., 1996). Nitrogen levels in perennial parts in pistachio are higher in 

dormant trees following a low yielding (2,287 g N·tree-1) year than following a high 

yielding year (1.881 g N·tree-1)  (Brown et al., 1995). 

 

Nitrogen fertilization efficiency 

Fertilizer efficiency can be measured in several ways. One of them is by 

comparing the uptake of nutrients to the rate of fertilization. For example, if 400 kg N·ha-

1·year-1 is applied, and the uptake by trees is 40 kg·ha-1·year-1, then efficiency is 10%. 

Removal of N from the pecan orchard usually corresponds to harvested nuts and pruned 

shoots. In regions where nuts are harvested green, shucks also removing N from the 

system.  A harvest of 3,000 kg·ha-1 of nuts extracts 25.5 kg N·ha-1; and if shucks are also 

harvested, N extracted from the field is 39.3 kg N·ha-1 (Sparks, 1975). Pecan trees 

typically have low recovery of applied fertilizer (Kraimer et al., 2004; Smith et al., 2007). 

This uptake depends on soil type and irrigation practices (Herrera and Lindemann, 2001).  

Since most N fertilizer sources are water soluble, and because ammonium is 

rapidly converted to nitrate in warm moist soils, applied N moves with water (Kraimer et 
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al., 2001). Ammonium sulfate enriched with 15N was applied in adult pecan trees in a 

flood irrigated orchard in New Mexico.  The water table was at a depth of 2.80 m. The 

15N was applied in six split applications of 116 kg·ha-1 of ammonium sulfate each at 

approximately two week intervals beginning March 25. The total application was 1059 

kg ammonium sulfate·ha-1. Immediately after the first application on March 25, the field 

was flood irrigated with 1.2 m of water. Soil samples collected on April 4 revealed that 

some N had reached a depth of 2.8 m, although most of it remained in the upper profile. 

By the end of the growing season on November 6, only 35% of the applied N was 

recovered in the 2.8 m soil profile above the water table. A total of 54.5% of the applied 

N was recovered from the soil and plant parts. The 15N increased with soil depth, with the 

least amount found at the 0.3 to 0.6 m depth where most of the roots were located. This 

indicates that the N was highly susceptible to leaching. The 15N appeared in all plant parts 

by May 2, 38 days after the first application and nine days after the second application, 

signifying use of N from the current season’s applications. Measurements taken in the 

second year indicated that the pecan trees also utilized a great deal of N reserves from the 

previous year. At the end of the second season, 35.4% of the applied N remained in the 

soil and 19.1% was recovered in plant tissue. Only 4.5% of the applied N was removed 

from the field in kernels and shells, 6.7% was recycled in leaves and shoots, 3.2% 

remained in the roots, and 4.7% remained in the wood. In the second year, with no 

additional labeled N applied, the tissue components continued to exhibit 15N enrichment.  

By the end of the growing season, 15N levels decreased throughout the soil profile, with 

the most pronounced reduction at depths immediately above the water table. Estimated 
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recoveries of 15N (excluding roots) at the end of the second year were 8.4% and 12.5% in 

soil and plant, respectively. In the two years, 15N determinations showed an accumulation 

of fertilizer N in the tissues and a loss of fertilizer N to the groundwater. Early spring 

growth, flowering, and embryo development used fertilizer applied in the previous year 

as well as that applied during the current year.  

 

Nitrogen tissue analysis  

Leaf analysis is the most used approach on which to base changes in fertilization 

management. The standard method for leaf sampling is to collect 40 to 60 middle pair 

leaflets from the leaf in the middle part of the current’s year shoot in a homogeneous 

block (Jones et al., 1991). 

Leaf analysis as a tool to determine mineral condition of plants is supported by 

the relationship between nutrient concentration and relative yield, growth, or quality 

(Jones et al., 1991). There is a lot of nomenclature about nutrient status of plants, but 

usually nutrient conditions are classified as deficient, low, normal, high, or toxic. Normal 

level range is called the “sufficiency interval”, and the nutrient concentration where 95%  

of the potential yield is reached is called the “critical level” (Robinson et al., 1997). 

The following ranges were developed on one year old seedling pecan trees grown 

in sand culture: 1.8 to 2.2% visible N deficiency symptoms, 2.2 to 2.6% region of hidden 

deficiency (no visible leaf symptoms but trees continued to grow as N level is increased), 

2.6 to 2.9% region of optimum growth, 2.9 and above region of excessive N (Sparks and 

Baker, 1975). These levels were obtained in greenhouse studies with N levels ranging 
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from 0 to 1260 mg.L-1 in sand culture. Deficiency symptoms and N concentrations of 

leaflets suggest little N translocation from older to younger tissues occurred and that 

early growth is dependent on stored reserves of N. When growth exceeded N reserves, N 

concentration in leaflets decreased during growth. The primary symptom of N toxicity 

was an overall suppression of tree growth. Leaflet N concentration was the best indicator 

of the N status of the tree. Due to a diminishing return effect of N uptake to N supply, the 

N ranges associated with cardinal growth points were relatively narrow. Nitrogen 

applications also affected K, Ca, Mg, Mn, Cu, and Zn concentration in the leaflet (Sparks 

and Baker, 1975). 

The deficient leaf N range on 'Curtis' seedlings grown in a nutrient solution 

without N was from 1.48 to 1.85%. Normal seedlings had a concentration of 2.68 to 

3.30% (Sparks, 1978). Similar ranges were obtained for seven year old Desirable trees at 

Waycross, Georgia (Sparks, 1968). 

Using the standard method of sampling, optimum N levels obtained using the 

balance index method (Kenworthy, 1973) varied little among different pecan areas. 

Normal leaf N concentration in summer, when maximum growth is reached, was 2.55% 

in Arizona, 2.47% in New Mexico, 2.48% in Sonora, Mexico, and 2.72% in Georgia 

(Pond et al., 2006). In Torreon Mexico the optimum N concentration was 2.33% 

(Medina, 2004). 

Nitrogen concentration in the leaf is affected by leaf age, leaf position, genotype, 

and presence of fruit on the shoot. In 15 year old 'Stuart' pecans N concentration from full 

bloom to leaf abscission changed from 1.39 to 1.42%, whereas N content went from 100 
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to 170 mg·leaf-1. Maximum weight per leaf was 2.7 g·leaf-1 during cotyledon elongation 

and then fell to 2.0 grams at leaf abscission (Kim and Wetzstein, 2005). In another report 

N concentration of young leaves was as high as 2.5% and in older leaves had dropped to 

1.9% (Diver et al., 1984). Similarly, leaf N concentrations during the season declined 

from 2.9 to 2.0% in a study in Georgia (Worley, 1977; Worley and Mullinix, 1977). In 

Arizona leaf N concentrations decreased relatively constantly at a rate of 0.003% per day, 

from flowering to fruit maturity; overall change was from 2.97 to 1.80% (Walworth et al., 

2008). In New Mexico total leaf N percentage decreased from early May (3.45%) to the 

end of June, increased and remained steady from July 23 to August 6 (2.50%), then 

decreased rapidly until fruit maturation (October 21, 1.75%), and in November 15, close 

to defoliation leaf N dropped to 1.20% (Kraimer et al., 2001).  According to this last 

study, at least 22% of leaf N during summer could be moved to storage organs at the end 

of the season, and at most 30% to the fruit. 

Fruit presence on the shoot affects N concentration  In Oklahoma, early season 

leaf N concentration was higher in fruit-bearing shoots (0.2% higher), but at the liquid 

endosperm fruit stage, leaf N started to decrease in fruited shoots, as compared to non-

fruited shoots (0.2% lower). This may be the result of exportation of N from leaves to 

fruit (Diver et al., 1984).  In contrast, crop load did not affect leaf N in ‘Chickasaw’ 

pecans in Georgia (Sparks, 1977). 

Genetics can also affect N status in pecans.  Various genotypes grafted on 

Riverside seedlings had different leaf N concentrations. Among 40 pecan genotypes, leaf 
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N concentration varied from 2.47% to 2.10% (Sparks and Madden, 1977), depending on 

scion genotype.  

Nutritional condition can also be affected by winter frost damage. 'Western' trees 

in Oklahoma, damaged by low temperatures in the winter of 1983/1984 had lower levels 

of N and P and lower yields than in the previous season (Smith and Cotten, 1985).  

 

Nitrogen fertilization 

One of the pioneer studies of the response of N on pecan was conducted to 

determine effects of both pruning and N rates (Crane and Hardy, 1934). In this study 

nitrogen rates were 15 kg ammonium sulfate per tree during two consecutive years. There 

were no consistent results from N application rates on yield, oil content, and protein 

content. Most of the effect was due to pruning treatments which resulted in larger nuts 

and improved nut fill.  

Physical and chemical characteristics of growing media impact growth and 

nutrition of pecan trees. Differences in growth and mineral composition were observed in 

seedling pecan plants grown in various media using the same nutrient solution (Acock 

and Overcash, 1983). Growing media included two ratios of pine bark and sand (4:1 and 

1:1). Seedlings grown in the 4:1 media had 4.01% leaf N and the 1:1 had 3.41%. Both 

media had normal ranges in porosity, water, and nutrient holding capacity. In another 

study, lack of oxygen caused a reduction of seedling growth and leaf N levels.  Leaf N 

changed from 2.62 to 1.86% as oxygen levels were varied from 21 to 2%  (Smith et al., 

1989). 
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Rates and sources 

Nitrogen source did not affect leaf N and yield on adult pecan ‘Moore’ trees in a 

study by Hammar and Hunter (1949). Pecan trees were treated with ammonium sulfate, 

cyanamide, and a complex fertilizer 8-4-8 (source of N unknown) over 10 years. Trees 

received 0.9 to 1.4 kg N·tree-1.  In another study, N applications ranging from 0 to 134 

kg·ha-1·year-1 were evaluated over ten years on adult pecan trees. No yield differences 

were found between treatments. Increase of N increased vigor and color but yield was not 

affected. Shoot growth and nut quality effects were inconsistent, but nut quality was 

better with lighter N treatments than with heavier treatments. Significant effects on leaf N 

concentrations were only apparent in the sixth year of study (Worley, 1974).  

No differences in N leaf concentration or in the number of fruiting shoots were 

found when N was applied at rates of 75 or 150 kg·ha-1 when applications were split with 

60% in March and 40% in June (Smith et al., 2004). 

Nitrogen fertilizer application rate influences yield of 26 year old 'Western' 

pecans in Oklahoma according to (Smith et al., 1985) who found a quadratic response to 

yield in the first year of N rate evaluation. Rates evaluated were: 0, 56, 112, and 224 kg 

N·ha-1. In the second and third year of evaluation response was linear and in the fourth 

year was quadratic. In linear response years 224 kg N·ha-1 had the highest yields. Leaf N 

levels increased proportionally with N fertilizer rate, from 2.15 to 2.39%. Leaf N levels in 

the 0 kg N·ha-1 treatment, dropped from 2.15% in the beginning of the study to 2.01 % at 

the end, six years later. Over this period, urea applications caused the pH to decrease 

from 6.7 to 5.6. In another study, effects of N application (75 or 159 kg N·ha-1) were 
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evaluated on adult Mohawk trees over a six year period (Smith et al., 2004). Leaf N 

concentrations were not affected or else responses were inconsistent. Application of 40% 

additional N during October if trees had more than 40% of fruiting shoots in the growing 

season also had no effect. In Waycross, Georgia studies, yield increased with increasing 

rate of N application up to 112 kg·ha-1, but differences between 56 and 112 kg N·ha-1 

rates were not significant (Worley, 1974). Another study on similar soil compared 112 

and 224 kg N·ha-1. Yields were essentially the same for both rates and leaf N levels in all 

treatments were near the bottom of the sufficiency range (Worley, 1991). 

In a study in Oklahoma yield increased upon addition of the first 56 kg N·ha-1, but 

leaf N concentration continued to increase as applications increased to 224 kg·ha-1. The 

maximum leaf N concentration reached in this study was 2.39%, and the authors 

suggested a lower sufficiency threshold limit of 2.25% (Smith et al., 1985). 

Similar results were obtained in Texas. Fifteen year old 'Western' trees growing 

on sandy soils received urea or ammonium sulfate, each at 56 to 224 kg N·ha-1, over four 

years. Nitrogen deficiency symptoms appeared only in the third year in unfertilized trees. 

The N concentration in leaflet tissues of untreated trees was much lower than established 

threshold levels, with no decline in yield. The amount of nitrate stored in the top four feet 

of fertilized soil did not correlate well with tissue levels but was strongly related to soil 

texture. The only detectable yield reduction was found in trees with tissue N levels below 

2.0% (Malstrom et al., 1983). 

In a study at Tifton, Georgia N was applied only when leaf concentrations 

dropped below specified thresholds (Worley, 1990). The criteria measured were nut 
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quality, tree growth, and tree vigor, leaf color, and leaf and soil nutrient concentrations. 

Although N application recommendations are sometimes based on leaf analysis, this was 

the first study where N was systematically applied in this manner. The study covered the 

period from 1973 through 1988. Treatments were constructed so that 112 kg N·ha-1 was 

applied to individual trees when the previous season’s leaf concentration was less than 

2.25%, 2.50%, 2.75%, or 3.00% (referred to as N2.2.5, N2.50, N2.75, and N3.00, 

respectively). An additional treatment (AN) consisted of 224 kg N·ha-1 applied annually 

regardless of leaf analysis. Thus, actual rates of N application required to meet the 

specifications of the treatments varied greatly from year to year in all except the AN 

treatment.  N2.25 required N application for only a few trees in only four out of 16 years. 

At least one tree in the N2.50 treatment required fertilization in 10 out of 16 years. In 

three years leaf N concentration was greater than 3.00% in all trees so none of the 

threshold treatments received N applications. Over all years N2.50 required more than 

three times the N needed for N2.25, and N2.75 received more than three times that used 

for 2.50. Treatment N2.75 used only about one third the amount of N required for AN.  

Leaf N usually increased with increasing N application, however leaf N 

concentration for AN was higher than for N3.00 in only three years. Thus, doubling the N 

application rate from almost 112 to 224 kg·ha-1 made very little difference in leaf N 

concentration in midsummer.  Trees from the AN treatment had much higher foliar Mn 

and Zn concentrations than those receiving lower amounts of N, probably resulting from 

lowered soil pH.  
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Mean nut yield (kg·tree-1) over 16 years was nearly the same for N2.25 and N2.50 

treatments. Neither the N3.00 nor the AN treatments yielded significantly more than 

N2.75.  Nuts were consistently smaller as N applications increased above that of the 

N2.75 treatment, and nuts from the AN treatment were smaller than those from other 

treatments. The percentage of small pecans with diameters from 19.2 to 20.6 mm was 9% 

in the N2.25 treatment and 41% in the AN.  The percentage of larger nuts, with diameters 

between 22.3 to 23.8 mm, was higher in the N2.25 treatment (27%) than in the AN 

treatment (13%). Percentage kernel and kernel grade were similar for all treatments.  

Percentage fancy grade kernels were reduced from 9.7 for N2.25 to 6.5 for AN, 

indicating that high rates of N can lower kernel grade.  Growth was reduced in N2.25 and 

N2.50 treatments. Vigor and color ratings were not consistently related to treatments, 

however in general, trees receiving the three highest N rates were more vigorous and had 

darker green leaves than trees receiving the two lowest N treatments.   

Excess N application had a negative effect on yield in a Texas study where 

application of 436 kg N·ha-1 reduced yield by 80%, doubled the number of stick-tights 

(nuts with unopened shucks), and reduced nut size relative to applications of 109 and 218 

kg N·ha-1 (Storey et al., 1996). Leaf N concentration was not reported. Reduction in nut 

size and quality was attributed to increased nutlet set and excessive nut load that 

accompanied increases in N application rate.  In another study, nut size and kernel quality 

were similar when 112 or 224 kg N·ha-1 of N was applied all or part through the irrigation 

system, but nut size was reduced when 224 kg N·ha-1 of N was applied without irrigation 

(Worley et al., 1995).  
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In contrast Sistrunk and Storey (Sistrunk and Storey, 1998) reported a positive 

response to application of high rates of N. This test on 12 years old 'Desirable', 'Pawnee' 

and 'Stuart' reported data from only one high yielding year. The standard control 

treatment was a split application of 44 kg N·ha-1 in March, April and May. Other 

treatments substituted 112 kg·ha-1 for the first, first and second, or all three applications. 

Highest yields were obtained from the highest rates of N for all the cultivars except for 

'Stuart'. The authors concluded that in a high production year, yield can be increased with 

increasing rates of N up to the highest levels tested.  

Trunk diameter of transplanted adult trees was increased in fertilized treatments 

(1.38 to 4.14 kg tree-1) relative to trees receiving no N (Herrera and Duarte, 2000), but no 

change was found in N concentration of leaves with rates ranging from 0 to 4.14 kg 

N·tree-1.  In the third year after transplanting the highest nut yield was attained with 

application of 2.76 kg N·tree-1 with 2.1 kg of nut per tree versus 1.5 kg in the control.    

First year seedlings were fertigated every two weeks with calcium nitrate. Total N 

applied per seedling was 0, 4, 10, 20, or 40 g N per seedling. No increases in tree height 

and stem diameter were attributable to the treatments. However, application of 40 g N per 

seedling stunted trees. Leaf N was increased from 2.38 to 2.53% as N rate was increased, 

but differences were not significant (Conner, 2007). 

Sullivan et al. (Sullivan et al., 1976) found that slow release N fertilizers did not 

affect pecan yields. Ammonium nitrate and two controlled release N fertilizers, 

ammonium nitrate plus N serve, and Sulfur Coated Urea were tested on adult pecan trees 

in New Mexico.  Nitrogen from all sources was applied at a rate of 112 kg·ha-1. Nut yield 
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was correlated more strongly (r2=0.56) with previous season leaf N levels than with 

current season leaf N (r2=0.11).  

Nitrogen fertilization can affect nut composition. ‘'Desirable'’ pecan trees were 

fertilized with ammonium nitrate at five rates up to 6.8 kg N·tree-1. Ammonium nitrate 

increased the concentration of glutamate and proline in pecan kernel (Elmore and Polles, 

1980). In one study nut percentage and oil concentration were reduced by high N 

applications (Hunter, 1964). 

Kernel necrosis has been reported in pecans in Oklahoma and can affect up to 9% 

of nuts in some years. Smith et al, (2007) found that orchards with this problem have high 

levels of soil nitrates. They evaluated several rates of N (none and 0.8 g of N·cm-2 trunk 

cross sectional area, and a split treatment (1.6+1.3+1.3) g·N·cm-2·trunk cross sectional 

area applied in the second week of March, first week of July, and first week in 

September, however no effect on kernel necrosis was detected (Smith, 2007). 

 

Timing 

There is considerable interest in the effects of timing of N applications on N 

absorption, allocation, yield response, and alternate-bearing habit.  Acuna-Maldanado et 

al. (Acuna-Maldonado et al., 2003) applied 125 kg of N in March or applied 60% of this 

amount in March and the rest in October.  Yield and alternate bearing intensity were not 

affected by these two treatments, nor was N allocation to perennial tissues.  However, 

Rey et al. (Rey et al., 2006) found that 15N applied late in fruit development was localized 

mainly on storage organs, whereas 15N applied during early growth of fruit moved to the 
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fruit. Total absorption of N in the late kernel filling was 22% compared with 14% in early 

kernel filling. 

Kraimer et al. (Kraimer et al., 2004) evaluated the fate of N applied in March to 

June versus September application in 15 year old ‘Western’ trees in New Mexico. Trees 

receiving N applications in September allocated 11.5 and 9.1% of the N to roots and 

wood, respectively. Comparable values for March to June applications were 3.7 and 

6.4%. They concluded that September applications help to increase N reserves in the 

trees.  

Nitrogen applied previous to bud-break (March) was found in leaves and storage 

organs.  In contrast, N applied during rapid fruit development (July) was transported to 

the fruit (Smith et al., 2007). 

 

Effect of Nitrogen on alternate bearing 

Rate of N absorbed is not affected by the yield of the current year’s crop or the 

previous year crop (Acuna-Maldonado et al., 2003). Nitrogen uptake in high yielding 

years (20 kg N·tree-1) was 1,646 g N·tree-1; with a moderate crop (10 kg pecan·tree-1) 

absorption was 1,727 g N·tree-1 and without a crop (no pecans) pecans absorbed 1,249 g 

N·tree-1.  A relationship was found between leaf N from the previous year and nut yield 

of adult 'Western' trees in New Mexico (Sullivan et al., 1976).   However, the hypothesis 

that application of N late in an ‘on’ season can affect return yield in the subsequent ‘off’ 

year has been neither proved nor disproved. 
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Interaction of other nutrients with nitrogen 

Nickel is involved in both carbon respiration and N metabolism in pecans raising 

the possibility that nickel exerts an active role in pecan metabolism separate from its 

function as a cofactor of urease.  However, the role of nickel in the activation of key 

enzymes involved in N utilization requires greater investigation (Bai et al., 2006; Bai et 

al., 2007). 

Pecan 'Curtis' seedlings growing in hydroponic media without Mg were sprayed 

with solutions containing from 0 to 1% magnesium sulfate. Foliar applied Mg did not 

affect N concentration in pecan leaves. In a similar study, but omitting P and spraying 

seedling 'Curtis' pecans with varying levels of P, it was found that as P concentration of 

the solutions increased, as did the concentrations of N in leaf, trunk, and root tissues 

(Sparks, 1986a). 

In a study to determine the effect of the interaction of N and K, optimum leaf K 

concentration was set to 0.75% and N to 2.50% (Worley, 1991).  Nitrogen and K 

fertilizers were applied to maintain these levels.  No differences in yield and leaf N were 

found with the application of 112 or 224 kg N·ha-1 alone or in combination with 0, 56 or 

112 kg K·ha-1.   

 

Soil management 

Soil management can affect growth and mineral composition of pecan trees. 

Presence of orchard floor vegetation reduces growth in recently established irrigated 

pecan tress, primarily due to competition for water and nutrients. In one study, trunk 
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diameter of trees where weeds were completely controlled with herbicides was 95 mm, 

while trees with weeds had an average diameter of 68 mm (Patterson et al., 1990). After 

six years yield from trees with the clean soil treatment was 1628 kg·ha-1, compared to 846 

kg·ha-1 in control (without control of weeds) trees (Patterson and Goff, 1994). No 

differences were found in leaf N concentration between weeded and clean treatments 

(Goff et al., 1991). 

In Arkansas Smith et al. (Smith et al., 1996) studied the effect of cover crops on 

mineral nutrition and soil nitrate levels in pecan orchards. They found that Crimsom 

clover (Trifolium incarnatum L.) in combination with hairy vetch (Vicia villosa Roth) 

supplied the equivalent of 101 to 159 kg N·ha-1. Red clover (Trifolium pretense L.) and 

white clover (Trifolium repens [L:] Pers.) supplied up to 132 kg N·ha-1. 

Pecan wood chips of varying sizes left on the orchard floor did not affect leaf 

nutrients levels (Tahboub et al., 2007). Adding N to wood chips to adjust the C:N ratio of 

the mixture from 143:1 to 30:1 increased soil inorganic N and K.  One year after 

supplying 4.5, 9, 13.5, and 18 ton·ha-1 of pecan wood chips to the surface of the soil in a 

pecan orchard, pH decreased (-0.2 units), organic matter increased (+0.2 %), water 

holding capacity increased (+0.22 m3/m3), and soil aggregation increased (from 1.7 to 2.6 

in the +0.8 units in the stability class proposed by (Herrick et al., 2001)) (Tahboub et al., 

2008). 
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Zinc nutrition 

Introduction  

Pecans growing in alkaline soils are very sensitive to Zn deficiency. Early reports 

classified this problem as a disease that was named “Pecan Rosette” due to the presence 

of small leaves and short internodes (Orton and Rand, 1914). In some instances it was 

also known as “Little Leaf” although the cause was unknown (Demaree, 1926). This 

problem was widespread in pecan areas from Texas to Georgia, regardless of soil type 

and climate. The first report linking the problem to Zn deficiency and suggesting 

correction through foliar Zn sprays came in 1932 (Alben et al., 1932a; Alben et al., 

1932b). Finch (Finch, 1936) found a relationship between Zn concentration in pecan 

tissues and Zn deficiency symptoms. The adoption of regular foliar Zn application in 

pecan orchards had a positive effect on the production in the U.S. (Sparks, 1987).  In 

calcareous soils the problem of pecan Zn deficiency is particularly acute as a result of the 

interaction of soil Zn chemistry and plant physiology. 

 

Chemistry of Zn in Soils 

The average Zn concentration of the lithosphere is about 80 µg·g-1 (Goldsmith, 

1954; Mengel and Kirkby, 1987). In soils, Zn concentration is usually in the range of 10 

to 300 µg·g-1, and it occurs in a number of different minerals such as augite, hornblende, 

and biotite. Most common Zn ores are often related to sphalerite ((Zn,Fe)S), but also 

zincite (ZnO), and smithsonite (ZnCO3)(Essington, 2003).  While alkaline soils may 

contain substantial total Zn, trees growing in these soils tend to have the most severe 
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deficiency symptoms (Alben and Boggs, 1936). This is because Zn availability to plants 

is affected by solubility, speciation, fractionation, and sorption processes. Soluble Zn 

compounds, such as Zn sulfate, applied to alkaline soils react with hydroxides and 

carbonates and are converted to compounds unavailable to plants (Essington, 2003; 

Lindsay, 1972). Therefore soil applications of inorganic Zn salts, like Zn sulfate, 

generally have not been effective in calcareous soils. 

 

Zn solubility 

The solubility of mineral compounds is related to the type of chemical bonds 

present. Covalent bonds produce stable compounds with low solubility. The ionic 

character of metal-oxygen bonds is related to the difference in electronegativities (EN) 

between metals and oxygen. Electronegativity is a measure of the ability of atoms to 

attract electrons. The greater the difference in EN between ions the higher the ionic bond 

character and the more soluble the compound.  

The solubility of Zn bearing minerals varies greatly with temperature and pH, but 

is generally very low. Table 1. and Figure 1. illustrate the stability of zinc bearing 

minerals at 10ºC, 25ºC, and 40ºC. The Zn-bearing mineral that is predicted to control 

Zn2+ in the soil environment is the phase that generates the lowest Zn2+ activity for the 

specified condition (temperature or pH). In a 25ºC environment the zinc silicate mineral 

Willemite is the predicted stable zinc phase in the pH 6 to 9 range. Willemite will support 

a Zn2+ activity that is approximately one order of magnitude less than that supported by 

the metastable phases, zinc ferrite (franklinite) and zinc carbonate (smithsonite). Zinc 
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hydroxycarbonate (hydrozincite) is unstable relative to smithsonite and the zinc silicate 

and ferrite phases. Zinc phosphate (hopeite) is slightly more stable than the oxide 

(zincite), with is the least stable mineral. The predicted order of increasing mineral 

stability, or decreasing Zn2+ activities,: zincite(10-3.66) > hopeite(10-3.90) > 

hydrozincite(10-4.40) > franklinite(10-4.84) ≈ smithsonite(10-4.85) > willemite (10-6.00) 

(Essington, 2003). 

 

Table 1. Stability functions of Zn2+ bearing minerals under different temperature and pH 

conditions (Essington, 2003). 

Mineral 10ºC 25ºC 40ºC 

Zincite Log(Zn2+) = 10.52-2pH Log(Zn2+) = 11.34-2pH Log(Zn2+) = 12.08-2pH 

Smithsonite Log(Zn2+) = 19.97-2pH Log(Zn2+) = 10.15-2pH Log(Zn2+) = 10.32-2pH 

Hydrozincite Log(Zn2+) = 9.90-2pH Log(Zn2+) = 10.60-2pH Log(Zn2+) = 11.28-2pH 

Hopeite Log(Zn2+) = 10.97-2pH Log(Zn2+) = 11.10-2pH Log(Zn2+) = 11.21-2pH 

Franklinite Log(Zn2+) = 9.23-2pH Log(Zn2+) = 10.16-2pH Log(Zn2+) = 11.01-2pH 

Willemite Log(Zn2+) = 9.55-2pH Log(Zn2+) = 9.00-2pH Log(Zn2+) = 8.50-2pH 
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Figure 1. Stability of the Zn-bearing minerals zincite [ZnO], smithsonite [ZnSO4], 
Hydrozincite [Zn(OH)6(CO3)2], Hopeite [Zn(PO4)2] franklinite (ZnFe2O4), and Willemite 
[Zn2SiO4] as a function solution pH and temperature: a). 25ºC, b). 10ºC, and c). 40ºC. 
The following conditions apply: 0.101 MPa pressure, solid and water activities are unity, 
CO2 partial pressure is 10-2, solution activity of H2PO4

- is controlled by hydroxyapatite 
and calcite, H2SiO4º (am), and Fe3+ is controlled by goethite (FeOOH) (Essington, 2003). 

Speciation and fractionation 

Zinc forms many complexes with inorganic anions in the soil solution. 

Thermodynamic calculations were used to plot the distribution shown in Figure 2, which 

indicates that Zn2+, ZnSO4º, and ZnCl+ complexes are the major species of dissolved 

inorganic Zn in soil solutions with pH lower than 6. Between pH 6 and 8, the total 

dissolved inorganic Zn was mainly formed by Zn2+, ZnSO4º, ZnOH+, and ZnCl+ species. 

Under pH above 8, Zn2+, ZnOH+, and Zn(OH)2º became the most important species. This 
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figure reveals that pH, Cl-, and SO4
2- in soil solution could affect individual contributions 

of Zn species (Sadiq, 1991). 

 

 

Figure 2. Distribution of Zn species in soil solution [SO4
2- = 10-3 mol, Cl- = 10-3 mol, 

HPO4
2- = 10-3 mol] (Sadiq, 1991) 

 

Organic Zn compounds may have higher solubility than inorganic Zn.   A comparison of 

soil amended with composted ‘Source Separated Municipal Solid Waste’ and non-

amended soil found that mixtures of 20% compost increased the levels of exchangeable 

Zn2+ from 3.3 to 3.6 mg kg-1. As the concentration of compost increased there were 
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increases in Zn in the following forms; acetic acid extractable, bound to organic matter, 

and bound to FeMn Oxides. Bioavailability of Zn can be determined by a ‘Transfer 

Factor’, which is the ratio of the metal in plant tissue versus the total concentration of the 

metal in soil and the ‘Bioavailability Factor’, the ratio of metal in the exchangeable phase 

to the total metal concentration in soil. Both indices were lower in compost amended 

soils, which indicates greater availability of the metal (Zheljazkov and Warman, 2004). 

 

Zinc sorption 

Application of calcium carbonate to acid soils has been shown to reduce Zn 

availability. In Georgia, increasing calcium carbonate levels (0, 1.1, 2.2, and 4.4 ton 

CaCO3 per ha) in potted pecan seedlings decreased leaf Zn levels from 311 to 146 µg·g-1 

(Edwards et al., 1985). Low availability can be due in part to Zn adsorption by 

bicarbonates in calcareous soils (Udo et al., 1970), and to precipitation as Zn carbonate or 

hydroxide (Lindsay, 1979). Sorption of metals occurs in a similar fashion to inner sphere 

bonding, resulting in the metals being fixed to the organic or inorganic matrix. This 

sorption leads to the formation of minerals. A sorption study was conducted using 40 g of 

calcareous soil plus 200 ml of water, and 20 mg of ZnCl2 or 5 grams of franklinite 

(ZnFe2O4). Suspensions were shaken for 30 days. Zn concentration in the supersaturated 

soil suspension decreased with time and that in the under-saturated soil suspensions 

increased with time (where franklinite was added). It seems that Zn concentrations in 

both supersaturated and under-saturated soil suspensions would converge to a common 

point given enough time. No attempts were made to identify Zn-Fe solid phase but a 
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franklinite-type mineral was suspected to have formed. Zn in solution is first adsorbed by 

Fe oxide, and in the second stage Zn is moved into the hydrated layer of Fe oxides 

(Sadiq, 1991). Concentrations of diffused Zn gradually increase to reach solubility limits 

where Fe3+ and Zn2+ react chemically to form ZnFe2O4 (franklinite). 

Organisms also participate in the sorption of metals (Sadiq, 1991). Addition of 

microorganisms to soil can decrease the levels of Zn and Pb in the soil solution. Zn was 

precipitated on goethite-coated sand particles and a mixed colony of microorganisms 

added to the soil.  Microbial populations were adjusted by changing the amount of 

organic carbon. As the organic carbon was increased from 0 to 450 mg·L-1, soil solution 

Zn2+ increased from 2 to 10 mg kg-1 soil and the level of exchangeable Zn decreased from 

23 to 10 mg·kg-1 (Perelomov and Kandeler, 2006). 

 

Organic matter 

Soil organic matter contributes in the complexation of metals and other chemical 

compounds. Functional groups in humic acids are diverse and have varying stability with 

metals.  Functional groups can also have variable affinity for metals based on the type of 

molecule in which they are found. For example, a carboxyl functional group on an 

aromatic compound forms a stronger bond with iron than one on an aliphatic compound. 

Application of organic matter can increase availability of Zn in alkaline soils, but it can 

complex Zn in contaminated soils, thereby decreasing bioavailability (Essington, 2003).  

In tropical desert soils located in Nigeria, for each percent of soil organic matter in the 

soil was associated with 0.17 mg kg-1 of DTPA extractable Zn2+ (Agbenin, 2003). 
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Relations between pH and humic substances also affect stability and mobility of 

Zn. The interaction between humic acid extracted from Brazilian peat soil and Cu+2 and 

Zn+2 were determined (Prado et al., 2006). Spectral studies revealed that the interaction 

with metals occurred mainly at the carboxylic acid groups of humic acids. The stability 

constant of humic acid complexes formed with Zn2+ was 2.9x102. Mobility of Zn was 

higher at low pH (4) than at higher pH (6). The retardation factor (PV) was 1.2 at pH 4 

and 4.3 at pH 6 under aluminum saturation (Warwick et al., 1998). After adding goethite 

at pH 6.5 the retardation factor was 266 for Zn using humic acid, and 1.4 without humic 

acid. The authors proposed that humic acid absorbs metals within its structure. At pH 6.5, 

in the presence of humic acids, Zn speciation is as follows: Zn2+  15.36%; ZnCl+ 1.01%; 

and for Zn-humic acid complex 83.47%. In the absence of humic acid, 93% of Zn was 

Zn2+ and 6.14% ZnCl+.  

Addition of municipal solid wastes and manure compost to soil increased shoot 

and root Zn in rice. With municipal solid wastes, levels were increased from 7.61 to 

13.32 µg·g-1 in grain, and from 29.32 to 46.37 µg·g-1 in straw, over the control treatment. 

DTPA extractable Zn2+ was 37, 30, and 12 µg·g-1, in soil with municipal solid waste, 

compost, and in the un-amended soil (Warwick et al., 1998). 

The molecular weight of humic substances affects the stability of complexes with 

metals. Humic substances including humic acids (MW>1000), fulvic acids (MW>1000), 

and fulvic acids (MW<1000) extracted from a swine compost characterized (Chien et al., 

2006). Solutions were reacted with Zn and other metals at 25 °C and pH of 4.0 and 6.5. 
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The average conditional concentration quotients (K*) were calculated according to 

Equation 1.  

[ ]
[ ] [ ]∑

=
FreeFree

i

LM
MLK
*

*  

 

Equation 1. Conditional concentration quotients for ligand metal reactions where: 
 K* = Conditional concentration quotient 

MLi = Complexed Metal 
MFree = Total Metal Added 
Σ[LFree] = Ligand Total 

A high K* value is associated with high complexation and high stability. Larger K* 

values found in the humic acid suspensions were interpreted to mean that there was more 

complexation in this treatment. Conversely, lower values were found in low molecular 

weight fulvic acid indicating less complexation. 

Humate-complexed Zn has been studied as a fertilizer material for wheat and 

soybean growing in calcareous soil (DTPA-Zn = 0.10 µg·g-1). Plants were grown for 24 

(wheat) and 28 (soybean) days with 0 or 5 µg·g-1 of Zn as either ZnSO4 or Zn humate 

containing 5% Zn. When Zn was not supplied the plants rapidly developed visible 

symptoms of Zn deficiency. Adding Zn humate eliminated Zn deficiency symptoms and 

enhanced dry matter production by 50% in soybean and 120% in wheat. Zn humate and 

ZnSO4 were similarly effective at increasing dry matter production in wheat, but Zn 

humate increased soybean dry matter more than ZnSO4. When Zn was not supplied, 

shoot Zn concentration was 6 mg kg-1 for wheat and 8 mg kg-1 for soybean. Application 

of Zn humate and ZnSO4 increased shoot Zn concentration in wheat to 36 to 34 µg·g-1 
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and in soybean to 13 to 18 µg·g-1, respectively. The results indicate that soybean and 

wheat plants can utilize Zn chelated with humic acid in calcareous soils, and that this 

utilization is comparable to that of Zn from ZnSO4. Under Zn deficient soil conditions, 

plant growth and yield can be maximized by the combined positive effects of Zn and 

humic acids (Ozkutlu et al., 2006). 

Addition of plant residues affects the availability of soil Zn (Karaka, 2004). He 

studied the effect of addition of grape marc (residues of skin and seed in pressed grapes), 

tobacco dust, and mushroom compost in an alkaline soil (Typic xerofluvent) on Zn 

extractability with DTPA. The highest extractable Zn levels (4.30 µg·g-1 after 6 months 

of incubation) were attained using 2% mushroom compost. The lowest values (1.50 µg·g-

1) were found in un-amended soil.  

On the other hand, organic matter can decrease plant absorption of Zn in 

contaminated soils (Pinto et al., 2004). In the presence of organic matter there was an 

observed decrease in accumulation of Cu and Zn in plant tissues.  Organic matter leads to 

a decrease in the concentration of Zn in roots suggesting that these ions were retained by 

organic matter.  Humic acids also have the ability to form complexes with Zn, decreasing 

accumulation and toxicity of this element in common hornwort (Ceratophyllum 

demersum) (Bunluesin et al., 2006).  Humic acids (2 mg·L-1) reduced Zn accumulation 

from 2167 to 803 µg·g-1. 
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Synthetic Chelates 

Application of synthetic chelates can affect the mobility and bioavailability of 

metals.  Zn was applied in the form of liquid Zn-amino acids or as a mixture of synthetic 

organic chelates (Zn -DTPA-HEDTA-EDTA) at a rate of 20 mg Zn ·kg-1 of soil.  These 

treatments were evaluated to determine their effect on the migration and availability of 

Zn in calcareous soils in 60 cm columns.  The result of incubation for 0, 30, and 60 days 

showed that Zn in the most labile fraction (water soluble plus exchangeable) was leached 

only when Zn-chelate fertilizers were applied (49% of Zn applied as Zn chelate was 

leached from the column).  A large portion of the Zn remaining in the soil was located in 

the amorphous Fe oxide bound fraction in all fertilization treatments.  When maize plants 

were grown on soils with these treatments, dry matter production was 9.3 g.pot-1 for the 

control treatment, 33.3 g·pot-1 in Zn -amino acid treated soil, and 63.8 g·pot-1 in soil 

amended with Zn-chelates. After harvest, residual levels of organically complexed Zn in 

soil were 0.30, 2.43, and 2.24 g·kg-1 soil in the control, Zn-amino acid, and Zn-chelate 

treatments, respectively (Obrador et al., 2003).  

 

Zinc in plant physiology  

Uptake and translocation 

Zinc is absorbed from soil solution by plants as Zn2+ (Mengel and Kirkby, 1987). 

In alkaline soils soluble Zn2+ levels are low because Zn is found as low solubility 

hydroxides and carbonates.  Pecans lack absorption mechanisms that make soil Zn more 

available to flora native to these soils. Although there is some controversy about the 
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importance of passive versus active absorption, since Zn levels are higher inside the plant 

than outside the plant it’s uptake is likely dominated by active absorption (Moore, 1974). 

Zinc uptake is affected by the presence of ions of alkaline earth metals such as Mg2+, 

Ca2+, Sr2+, and Ba2+ (Chaudhry and Lonrargan, 1970).  It has also been observed that low 

leaf Zn is accompanied by high leaf Mn concentrations (Obarr et al., 1987).  Phosphorus 

also inhibits Zn nutrition (Marschner and Schropp, 1977).  Nutrient absorption 

enhancement mechanisms include acidification of the rhizosphere (Yi and Guinerot, 

1996) and the release of organic compounds that chelate metals (Roberts et al., 2004). 

The method of Zn translocation from the roots to the upper plant is not known; however 

Zn has been detected in xylem exudates of decapitated tomato and soybean plants in 

considerably higher concentrations than in the bathing solution of the roots. Zn2+ is 

slightly cathodic which results in low movement to anodic (negative) sites, in tomato 

exudates thus it is not translocated with citrate, as citrate complexes are anodic (Tiffin, 

1967). 

 

Metabolism and zinc concentration in pecan 

Pecans grown in sand culture under hydroponic conditions with no Zn have 

interveinal necrosis in leaves with Zn concentrations of 7.2 µg·g-1, mottling at 9.8 µg·g-1, 

and no symptoms in leaves with 11.2 µg·g-1 (Kim et al., 2002). Deficiency symptoms 

include interveinal mottling, interveinal chlorosis, and marginal leaf curling. In studies 

conducted in an orchard in Byron, GA, very severe Zn deficiency symptoms 

corresponded to leaf Zn concentrations averaging 4.4 µg·g-1, severe symptoms with 4.9 
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µg·g-1, moderate symptoms with 6.1 µg·g-1, and normal leaves contained 14.3 µg·g-1 Zn 

(Hu and Sparks, 1990). Zn deficiency did not cause fruit abortion, but did reduce number 

of fruit per shoot, increased death and dying in situ, and delayed and staggered shuck 

dehiscence. Additionally leaf chlorophyll content, stomatal conductance, and net 

photosynthesis were all positively related to leaf Zn concentration (Hu and Sparks, 1991). 

Positive relations also have been found between Zn and auxin and gibberellin levels 

(Cakmak et al., 1989; Kim et al., 2002; Suge H. et al., 1986; Takaki and Kushizaki, 

1970), and reproductive potential (Hu and Sparks, 1990).  

 

Zinc plant concentration 

Zn levels in plants are related to plant physiological activity. In general, levels of 

Zn in plant material are low. For most plants like apples, citrus, maize, soya, and tomato, 

the critical level is 21 to 26 µg·g-1 (above this level plant responses are unusual and 

typically no deficiency symptoms are present) (Boehle and Lindsay, 1969). Leaves of 

seedlings of 'Curtis' pecans growing in nutrient solution without Zn had 24 to 37 µg·g-1 

and seedlings showed mild Zn deficiency symptoms (Sparks, 1978).  Several critical 

levels have been established for pecans, although most researchers have not noticed 

differences in pecan performance when Zn levels are above 36 to 35 µg·g-1 (Sparks, 

1976).  However, reported critical levels range widely: from 20 µg·g-1 (Lane et al., 1965), 

to 40 µg·g-1 (Worley et al., 1972a), and 60 µg·g-1 (Storey et al., 1971). Deficiency 

symptoms were eliminated, and vegetative growth and nut yield were maximized with 

leaf Zn greater than 50 µg·g-1 (Sparks, 1993; Sparks, 1994). A sufficiency range of 50 to 
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100 µg·g-1 is recommended by Sparks and Payne (Sparks and Payne, 1982). The 

recommended leaf level of Zn for pecans in Louisiana is 50 to 150 µg·g-1 (Obarr et al., 

1978).   

Leaves of high yielding pecans of a data bank of 3000 observations from fertility 

trials with different cultivars (>58 kg nuts·tree-1) contained an average of 126 µg·g-1 of Zn 

in leaves, with a CV of 60% (Beverly and Worley, 1992).  In Mexico, equivalent values 

for ‘Western Schley’ pecans (data= 670) were 65 µg·g-1 with a CV of 52% (Medina, 

2004).  In the southwest US leaves of high-yielding ‘Western Schley’ trees contained 174 

µg·g-1 with a CV of 65 % (Pond et al., 2006).   

Zinc concentration in pecan leaves varies with leaf age. Concentration of Zn from 

full bloom to leaf abscission varied from 65 to 55 µg·g-1 (on a dry matter basis).  Zinc 

content per leaf varied over that period from 64 to 70 µg per leaf.  Maximum weight per 

leaf was 2.7 g per leaf during cotyledon elongation and then fell to 2.0 grams in leaf 

abscission (Kim et al., 2002). In another study it was found that leaf Zn concentration 

changed from 60 µg·g-1 in the beginning of the season, to 120 µg·g-1 in the middle of the 

season, to 100  µg·g-1 at the end of the season (Diver et al., 1984).   

Shell, kernel, and shuck, in normal fruits have respective Zn concentrations of, 

9.2, 46.0, and 71 µg·g-1 (Sparks, 1975).  The Zn concentration in the fruit varied from 20 

to 42 µg·g-1 during the season, on a dry weight basis, with the highest concentration 

occurring at the beginning of fruit growth (Singanuson et al., 2003).   

The origin and genetics of plants can affect their mineral composition. However, 

no differences in leaf Zn were found in pecan trees from 40 genetically different  
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materials grafted on Riverside seedlings (Sparks and Madden, 1977).  In another study, 

trees with origins in the western region of Texas with alkaline soils had greater Zn uptake 

than seedlings from northeast Texas, and some Mexican populations (Grauke, 2002). 

 

Zinc deficiency control  

Zinc can be applied to the soil, injected into trees, or sprayed on leaves to supply 

Zn to pecan trees. 

Zinc application to soil 

Soil Zn applications are effective in acid soils. In the acid soils of Alabama there 

is a relationship between soil Zn extracted with hydrochloric acid (0.05 N) plus sulfuric 

acid (0.025 N) and pecan foliar Zn levels (leaf Zn = 45.7+ 1.30*soil Zn; r= 0.84) (Wear 

and Cope, 1976).  Broadcast annual application rates on acid soils typically range from 

50 to 75 kg of Zn·ha-1, however it can take three to four years to reach optimum Zn levels 

in the leaf (Worley et al., 1972a).  In acid soils in Georgia Zn was applied in a band over 

drip irrigation on 4 year old 'Desirable' trees at rates of 0, 33, 66, 132, 264, 528, 1056, 

2112, and 4224 g Zn per tree. The Zn source was either ZnSO4 or ZnO. In the first year 

of evaluation, applications greater than 528 g Zn per tree resulted in Zn leaf levels over 

50 µg·g-1. In the second year, only those rates over 2,112 g Zn per tree showed leaf Zn 

levels over 50 µg·g-1, and in the third and fourth year after application, treatments over 

264 g per tree were over 50 µg·g-1. With low rates of Zn application (254 g Zn per tree or 

lower) the source did not affect foliar Zn level, but with higher rates ZnSO4 produced 

higher foliar Zn levels than ZnO (Wood, 2007). 
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One reason Zn deficiency is common in pecans grown on high pH soils (Alben 

and Hammer, 1944) is the low solubility of Zn2+ in alkaline soils. Application of calcium 

carbonate to acid soils increased Zn deficiency symptoms in Georgia (Lane et al., 1965).  

As pH increased from 4 to 9 in a South Texas soil Zn availability decreased from 394 to 

12 µg·g-1 (Fenn et al., 1990). Zn treatments are successful in the acidic soils of the 

southeastern United States, but much less in alkaline soils (Sparks, 1976). Rates as high 

as 126 kg of ZnSO4·tree-1 were needed in calcareous soils in Texas to provide adequate 

Zn to pecan trees (Storey et al., 1971). Finch and Kinnison (1934) recommended soil 

application of ZnSO4 at rates ranging from 0.5 to 6.8 kg ZnSO4 tree-1 depending on tree 

diameter applied between January and May in Arizona, but provided no data evaluating 

efficacy. In Uvalde, Texas 0.9 to 2.3 kg ZnSO4 tree-1 trenched into a silt loam soil was 

required to raise leaf Zn in the second year after application (Smith et al., 1934). 

 

Placement of  zinc fertilizer 

Zinc Oxide and ZnSO4 were applied to a limed soil in Georgia with a pH of 7.3 in 

the top 2.5 cm and 6.2 in the 2.5 cm below that. A single application of 160 kg Zn·ha-1 

was applied as a broadcast treatment. Use of either Zn source increased tissue Zn to over 

50 µg·g-1 in year two when disked into the soil and in year four when not incorporated 

(Wood and Payne, 1997). A single application of ZnSO4 was applied as either a band (0 

to 9.1 kg tree-1) or broadcast (0 to 448 kg Zn·ha-1) to a Georgia soil with pH ranging from 

4.8 to 5.2. Leaf Zn levels increased for five years. Applications of at least 112 kg Zn·ha-1 

broadcast or 1.4 kg Zn·tree-1 banded increased Zn levels to over 50 µg·g-1. Greater 
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broadcast application rates increased leaf Zn sooner; 448 kg Zn·ha-1 increased Zn above 

the 50 µg·g-1 threshold in the second year, 224 kg Zn·ha-1 in the year four to five, and 112 

kg Zn·ha-1 in year five. In banded treatments, 1.4 kg Zn·tree-1 raised leaf Zn to 50 µg·g-1 

in year five (Payne and Sparks, 1982). 

 

Sources of zinc 

Several forms of Zn have been used as fertilizers. The effects of ZnSO4, ZnO, and 

ZnEDTA broadcast or placed in holes (six holes, each 2.5 cm in diameter x 30 cm deep), 

in a Georgia soil limed to a soil pH of 7.4 were evaluated. Either ZnO (applied at 33.6 

g·cm-1 of trunk circumference applied annually over five years) or ZnEDTA (3.4 g·cm-1 

of trunk circumference) broadcast on the soil increased leaf Zn relative to the untreated 

control; Zn placed in holes did not. Broadcast Zn EDTA effects were significant in year 

two, whereas ZnO effects were not significant until year five, and ZnSO4 had no 

significant effect, regardless of placement (Worley et al., 1972a). 

Extractability of Zn2+ in treated soils with EDTA at rates of 0.1 and 0.2 mg·kg-1 

soil was increased as EDTA rate was increased. Values for DTPA-extractable soil Zn 

were 6.29 µg·g-1 for the 0.1 µg·g-1 rate, and 7.57 µg·g-1 for the 0.2 µg·g-1  rate, versus 2.07 

µg·g-1  in the control (Karaca et al., 2000).  

Manure, sulfur, and Zn sulfate reduced Zn deficiency intensity in clayey, alkaline 

soils. Application of 800 kg of manure, 22 kg of sulfur, and 22 kg of Zn sulfate per tree, 

reduced Zn deficiency intensity in severely deficient trees (Alben and Hammer, 1944).  

Effects of individual s components were not separated. 
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Effects of Mycorrhizae on pecan zinc  nutrition 

Sharpe and Marx (Sharpe and Marx, 1986) evaluated the effect of Pisolithus 

tinctorius on the growth and mineral composition of pecan seedlings in soils with pH 

ranging from 5.5 to 6.5. They found no differences in leaf Zn concentration and plant Zn 

content.  Soil pH affected Zn uptake more than the presence of P. tinctorius. In Mexico it 

was found that a mixture of P. tinctorius and Scleroderma sp. increased the foliar Zn 

levels of pecan seedlings to 30 µg·g-1 compared with the control treatment which had 8 

µg·g-1(Tarango et al., 2004). 

 

Zinc Fertigation 

Zn may be able to be supplied through appropriate irrigation systems.  Lindsay 

and Condra (Lindsey and Condra, undated) conducted field demonstration studies in 

Texas, applying Zn EDTA to the soil via a drip irrigation system. In Glasscock County in 

1974, application of 0.8, 1.6, and 2.5 kg Zn·ha-1 as Zn EDTA resulted in leaf levels of 39, 

53, and 68 µg·g-1, respectively. In 1975, the corresponding leaf Zn levels were 49, 54, 

and 70 µg·g-1, respectively. Their data suggest that drip irrigation applied Zn EDTA 

elevated leaf Zn levels, however no unfertilized controls were included, and the data were 

not statistically analyzed.  

 

Soil acidification 

Soil acidification accompanying Zn fertilization may be advantageous, although 

data from studies are inconsistent. Combinations of five rates of ZnSO4 (0, 1.4, 6.4, 12.7, 



 59

and 31.8 kg per tree) and three rates of elemental sulfur (0, 4.0, and 11.4 kg per tree) 

were tested in a Tivoli sand located in the south plains of Texas. Treatments were 

broadcast below the outer third of the tree canopy in a single soil application in March 

and tilled to a depth of 6 inches. In years one, two, and three the highest rate of ZnSO4 

resulted in leaf Zn levels of 184, 48 and 31 µg·g-1, respectively, versus about 13 µg·g-1 in 

the untreated control, but sulfur had little or no effect (Smith et al., 1980). However, 

applying 22.7 kg of sulfur·tree-1 along with 22.7 to 34.0 kg ZnSO4·tree-1 was successful at 

increasing Zn in pecans growing in a heavy textured alkaline soil (Alben and Hammer, 

1944). Also, soil acidification was studied by treating a shallow trench making up less 

than 1% of the effective root zone of a mature Texas pecan tree.  Nine kg ZnSO4·tree-1 

was trenched into the soil, along with 113 L of 36N H2SO4. Leaf tissue Zn did not change 

for the first three years, but four years after application leaves of the treated trees 

contained 54 µg·g-1 Zn versus 39 µg·g-1 in the untreated control. After nine years leaf Zn 

levels were 58 and 45 µg·g-1 for the treated and untreated trees, respectively.  However, 

leaves of trees receiving ZnSO4 alone contained 56 µg·g-1, so the response was largely 

due to the Zn application.  The acid band decreased soil pH to a depth of 60 cm, and roots 

did not grow into the acidified band, but proliferated at the interface of the acidified band 

and the non-acidified calcareous soil (Fenn et al., 1990). 

 

Trunk injection 

Pressure injections of 1.57 L of solution containing up to 39 g ZnSO4 over a 

period ranging from 20 min to several hours did not cause damage and rapidly increased 
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leaf Zn levels in Zn deficient trees. Injection of 2.3 kg ZnSO4 defoliated trees; new 

foliage contained 565 to 1360 µg·g-1 Zn (Worley et al., 1976).   Injections of ZnSO4 with 

a pressure trunk injection using 7.57 L per tree of solution containing 1.13 g ZnSO4 for 

every 2.5 cm of trunk circumference successfully increased leaf Zn (Worley et al., 1980). 

Implants with equivalent amounts of ZnSO4 increased leaf Zn over untreated controls, 

but did not eliminate Zn deficiency, and caused considerable trunk cambium tissue 

damage. Zn-EDTA applied as pressurized cartridges, with 1 cartridge per 12.5 cm of 

trunk circumference each containing 0.14 oz of 2 percent Zn-EDTA injected into the 

trunk did not provide an adequate supply of Zn to the treated pecan trees. 

Banin et al. (Banin et al., 1980), placed implants of Zn saturated bentonite in 15 to 

20 cm diameter limbs of 5 year old ‘Delmas’ pecan in holes of 1 to 1.9 cm. The rate of 

Zn applied per limb varied from 0 to 21 mg per limb. No differences were found in leaf 

area and leaf Zn content 2 months after implantation.  

 

Foliar zinc application 

The first attempt to supply nutrient solution to pecan leaves was made by Alben et 

al. (Alben et al., 1932a). They reported that spraying or dipping leaves showing rosette 

symptoms in solutions of ferric sulfate or ferric chloride alleviated leaf symptoms. They 

reported later that the positive effect of spraying these solutions could have been a result 

of preparing the solutions in galvanized buckets. They subsequently reported that when 

sprayed or dipped in solutions of Zn chloride or Zn carbonate, affected leaves promptly 

recovered (Alben et al., 1932b). 
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Applying Zn foliarly is currently the most effective method of Zn fertilization for 

pecans grown in alkaline soils. However, coverage may be problematic in large trees, 

partly because of low Zn mobility in the plant. Wadsworth (Wadsworth, 1970) 

demonstrated that only leaflets actually contacted by spray are affected by foliar 

treatments, and that only the area of the leaf directly around a droplet absorbed Zn. Non-

polar compounds in the leaf surface decrease the movement of solutions to the cuticular 

cells. Amounts of these compounds increase with leaf age. Chortyk et al. (Chortyk et al., 

1995) reported that the amount of hydrophilic compounds in Elliot pecan leaf surface on 

April 14 was 2.66 mg·cm-2 of leaf, but on June 9 it was 8.97 mg.m2. Thus efficiency of 

Zn sprays is expected to decrease as leaf age advances and Storey et al. (Storey et al., 

1971) noted that only 0.2 percent of the applied Zn was absorbed by older leaves whereas 

young leaves absorbed 1 percent of ZnSO4. However, using 65Zn solutions Grauke et al. 

(Grauke et al., 1982) found that leaf age did not affect absorption rate of 65Zn.  They did 

report that Zn is more easily translocated from young leaves than from older leaves.  

Timing of foliar Zn applications is critical, as foliar applied Zn is poorly 

translocated, and is largely effective only in leaves actually contacted by spray. In 

Georgia it is recommended that foliar applications begin 2 weeks after bud break and 

continue for 6 to 7 weeks (Sparks, 1976), and in Texas spraying is recommended at 

“green tip” stage during budbreak and 1, 3, 6 and 8 weeks after green tip (Storey et al., 

1973; Storey et al., 1971). Fall applications with ZnSO4 (0.1 % w/v) had no effect on Zn 

levels in shoot growth the next season (Favela et al., 2000). A study in Arizona also was 
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not able to increase next season foliar Zn by spraying in the fall with 14 and 28 kg 

ZnSO4·ha-1 as compared with the control and spring foliar sprays (Walworth et al., 2006). 

Adjuvant use increases leaf Zn absorption. Smith and Storey (Smith and Storey, 

1979) found that using UAN as an adjuvant increased Zn uptake from ZnSO4 and 

Zn(NO3)2. Including UAN at 0.43% increased absorption from Zn(NO3)2 as well as from 

ZnSO4 (Storey et al., 1973; Storey et al., 1979). 

Solutions of ZnSO4 at a concentration of 0.24% with UAN were as effective as 

0.36% using solutions of Zn(NO3)2 without UAN (Storey et al., 1979). Five spaced 

applications of 0.18% of Zn(NO3)2 without UAN or 0.09% Zn(NO3)2 with UAN were 

adequate to maintain leaf Zn levels above 50 µg·g-1 (Storey et al., 1974). 

Zinc sources are also an important consideration.  Smith and Storey (Smith and 

Storey, 1979) found that Zn(NO3)2 was more effective than ZnSO4. Storey et al. (Storey 

et al., 1971) applied ZnSO4 or ZnO at a rate of 1.6 kg Zn·ha-1 in 284 L water·ha-1 and 

found that ZnO was less effective than ZnSO4. Additionally, Zn-EDTA applied at 1.20 

kg·ha-1 was less effective than ZnSO4 applied at 12.0 kg Zn·ha-1. Using 65Zn to measure 

absorption rate of Zn, Grauke et al. (Grauke et al., 1982) reported a higher rate of 

absorption of Zn with the use of Zn(NO3)2 + NH4NO3 + urea than with the use of ZnSO4.  

A three year field study found that equivalent rates of NZN (a commercial mix of 

Zn(NO3)2 plus UAN32) resulted in lower leaf Zn levels than ZnSO4 with or without 

UAN, but produced significantly higher nut yields (Storey et al., 1979). 

Solution concentration also affects the Zn absorption. Alben (Alben, 1962) 

studied a range of Zn-EDTA spray concentrations, and reported that leaf rosette could be 
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treated with Zn-EDTA sprays with Zn concentrations of 0.08 to 0.20 %, but that 0.20% 

as ZnSO4 provided superior results to all Zn-EDTA treatments except for the 0.37% rate. 

Ground sprays of ZnSO4 at a rate of 11.2 kg·ha-1 produced a foliar Zn concentration of 

117 µg·g-1 and ground foliar application of Zn-EDTA resulted in a concentration of 36 

µg·g-1 (Smith and Storey, 1979).  

Aerial applications of Zn solutions have not been effective.  Smith et al. (Smith et 

al., 1979) reported that using the same rate of Zn (11.1 kg·ha-1), aerial sprays of Zn 

solutions resulted in lower Zn leaf level (34 µg·g-1) than ground applications (117 µg·g-1). 

 

Interaction with other nutrients 

When Mn concentration in a nutrient media was increased from 0 to 14.78 g·L-1, 

leaf Zn levels of Desirable pecan seedlings dropped from 137 µg·g-1 in the control to 43.5 

µg·g-1 in the highest Mn treatment. Sparks (1986) grew 'Curtis' pecan seedlings in a 

hydroponics medium without Mg and sprayed the seedlings with magnesium sulfate 

solutions ranging from 0 to 1% Mg. Foliar applied Mg decreased Zn concentration in 

pecan leaves. In a similar study, but omitting P from the nutrient solution and spraying 

'Curtis' seedlings with P solutions, it was found that as P concentration of the solutions 

decreased leaf, trunk, and root Zn concentrations also decreased (Sparks, 1986b). 

Increasing P levels in the nutrient solution had a similar effect (Sparks, 1988). 
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Manganese nutrition 

Manganese leaflet levels 

Manganese toxicity has not previously been reported in commercial pecan 

orchards. Normal leaf Mn concentrations in high yielding pecan orchards ranges from 85 

to 294 µg·g-1, in Arizona, New Mexico, Georgia, and Sonora, Mexico (Pond et al., 2006). 

Medina (2004) reported that Mn leaf levels for high yielding pecans in North-Central 

Mexico is 108 µg·g-1. 

Manganese deficiencies in commercial orchards are not common but have been 

reported in Oklahoma (Smith et al., 2001).  Leaf Mn levels were lower than 20 µg·g-1, 

although there were no visible deficiency symptoms. Using hydroponic solutions, Sparks 

(Sparks, 1978) was not able to induce deficiency symptoms on ‘Curtis’ pecan seedlings 

by omitting Mn, although Mn levels were as low as 43 µg·g-1. The normal range for foliar 

Mn levels in orchards in Georgia is 200 to 500 µg·g-1 (Jones et al., 1991; Worley, 1969). 

Values greater than 500 µg·g-1 are considered as high. In Australia an unpublished report 

(Cresswell, 1996) gives an adequate range of leaf Mn for pecan production of 150 to 500 

µg·g-1, and a toxic or excessive range was greater than 2500 µg·g-1. These ranges were 

obtained from field observations (Robinson et al., 1997). In Oklahoma in a study 

conducted to determine the effects of frost on trees with varying mineral condition, a 

range of 379 to 2244 µg·g-1 was found.  Although Mn concentrations were very high, 

these values are common in Oklahoma and seem not to be detrimental (Smith and Cotten, 

1985). 
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In Louisiana, leaf Mn concentrations as high as 2800 µg·g-1 have been found 

(O'barr et al., 1987). In a study using 0, 1.23, 3.69, 7.39, 14.78 g of chelated Mn per L 

soil with  potted 'Desirable' seedlings toxic Mn levels were 4525 µg·g-1.  

In a multiyear of study in Georgia, yield was related to leaf Mn level. Nut yield 

ranged from 0 to 2200 kg·ha-1 while leaf Mn ranged from 127 to 1195 µg·g-1. Leaf Mn 

correlated positively to yield (Worley et al., 1972b). 

At least one other nut tree has been reported to be a Mn accumulator.  Macadamia 

has extremely high leaf Mn concentrations (Robinson et al., 1997).  Manganese toxicity 

levels and symptoms have been reported as a common nutritional disorder in macadamia 

growing in acid soils of Australia with leaf levels as high as 5460 ppm (Weir and 

Cresswell, 1993).  

 

Soil manganese 

High Mn availability is found mainly in soils with low pH and waterlogged 

conditions (Mengel and Kirkby, 1987). Manganese availability is increased 100 fold per 

unit decrease in pH because of the dissolution of inorganic minerals, particularly 

pyrolusite (MnO2), but other minerals can dissolve as well (Lindsay, 1972). Reduced 

soils contain 10 times more available Mn than oxidized soils which typically contain 

approximately 20 µg·g-1 (silt loam soil with pH of 6.5) (Patrick and Jugsujinda, 1992). 

The presence of high levels of organic matter can complex Mn and decrease its 

availability (Mengel and Kirkby, 1987). Recommended Mn soil levels for pecans are 
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from 11 to 20 µg·g-1 in soils containing less than 6% organic matter (Norris and 

McWilliams, 1978). 

 

Summary 

Several studies on the effects of N status on yield and quality of pecans have been 

conducted during the past century. Most of the fertilization studies report incremental 

increases in plant growth, but only a few of the studies relate N application to increases in 

yield and quality of pecans. Later, leaf analysis was established as a useful way to 

measure the effect of treatment in research and as a base of fertilization programs in 

pecan orchards.  Recently, studies to determine how much of the N applied in the orchard 

is taken up by pecan have used 15N, and these studies have supplied information on the 

fate of applied N and its partitioning to various parts of the tree.  

Questions remain about optimum N fertilization rates and timing.  Effects of N on 

alternate bearing are still largely unknown, as is the role of N in occurrence of vivipary.   

Leaf analysis is the best way to quantify pecan tree nutrient status or to evaluate 

Zn fertilization effectiveness. There is a general consensus that a sufficient level of Zn for 

whole pecans tree leaf samples collected randomly from branches of the tree is no more 

than 50 µg·g-1. Leaves exhibiting deficiency symptoms, on the other hand, typically have 

Zn levels below 11 to 14 µg·g-1.  

Soil application of Zn to alkaline soils has generally been ineffective because 

soluble Zn is converted to insoluble fractions.  Zn availability decreases with increasing 

pH, and it is clear that Zn deficiency is a more difficult problem to address in high than in 
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low pH soil.  Organic matter can form complexes with metals like Zn, reducing its 

precipitation, and this can increase availability to plants. Application of organic matter 

may make soil applied Zn more available and improve efficiency of these applications. 

Soil Zn applications are desirable, as they would reduce equipment passes through 

the orchard and manpower requirements. However, Zn is sparingly available in alkaline 

soils and, although it appears that soil applied ZnSO4 can be effective at high enough 

rates, just how high is questionable. Soil Zn application of 126 kg·tree-1 of ZnSO4, the 

amount need to get an adequate response in a calcareous soil in Texas, is not 

commercially practical (Storey et al., 1971). More reasonable rates have given good 

results when Zn was banded, but several years were required for maximum response 

(Payne and Sparks, 1982). 

Leaf Mn levels as high as 2244 µg·g-1 are found in the Southeast United States, 

but no discernible phytotoxicity symptoms have been reported. O’Barr reported that 4525  

µg·g-1 was the critical toxic level, but besides the reduction of dry biomass production, he 

did not report toxicity symptoms. 

 

 



 68

Dissertation format 

In this document are included as Appendix A, B, C, D, and E, five manuscripts 

that will be submitted for publication. 

Appendix A contains a manuscript entitled “EFFECT OF NITROGEN RATES 

ON ‘WESTERN SCHLEY’ PECAN TREE DEVELOPMENT” which will be submitted 

for publication to HortScience. 

Appendix B contains a manuscript entitled “SOIL ZINC FERTILIZATION OF 

‘WICHITA’ PECAN TREES GROWING UNDER ALKALINE SOILS CONDITIONS” 

which will be submitted for publication to HortScience. 

Appendix C contains a manuscript entitled “MANURE AND SOIL ZINC 

APPLICATION TO ‘WICHITA’ PECAN TREES GROWING UNDER ALKALINE 

CONDITIONS” which will be submitted for publication to HortScience. 

Appendix D contains a manuscript entitled “SOIL ZINC FERTILIZATION IN 

ONE YEAR OLD POTTED ´WICHITA’ PECAN TREES IN ALKALINE SOIL” which 

will be submitted for publication to HortScience. 

Appendix E contains a manuscript entitled “FIELD IDENTIFICATION AND 

CHARACTERIZATION OF MANGANESE TOXICITY IN ‘WESTERN SCHLEY’ 

PECAN TREES” which will be submitted for publication to HortScience. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the 

manuscripts appended to this dissertation. The following is a summary of the most 

important findings in this document 

The manuscript in Appendix A, “Effect of Nitrogen Rates on ‘Western Schley’ 

Pecan Tree Development” shows that response to varying nitrogen fertilization rates was 

inconsistent in ‘Western Schley’ pecan trees, however high N rates had a tendency to 

increase leaf weight and size, decrease cumulative nut and kernel production, increase 

numbers of stick-tights, and decrease nut weight. Adequate N rates for pecans in this 

orchard are believed to be between 118 and 236 kg N·ha-1·year-1. Cumulative yield 

efficiency was similar in all treatments and varied from 124 to 136 g of nuts·cm-2 of trunk 

cross sectional area of the trees from N118 to N354 but differences were not significant. 

In Appendix B, “Soil Zinc Fertilization of ‘Wichita’ Pecan Trees Growing under 

Alkaline Soils Conditions” we find significant differences in foliar Zn levels one month 

after application of Zinc-EDTA, but differences also were noted during the next three 

years on approximately 25% of the sampling dates. Yields averaged 2800 kg·ha-1 during 

the three years but were not affected by treatments. Nut quality also was not affected.  

Nut kernel percentage was very high, ranging from 61.2 to 63.6% during the study. 

Growth, measured as leaflet area and trunk cross sectional area, was not affected by Zn 

application. Chlorophyll index ranged from 47.5 to 48.0 SPAD in 2007 and from 44.7 to 

45.4 in 2008, and was unaffected by applied treatments. Zinc-EDTA increased Zn uptake 
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by ‘Wichita’ pecan trees in alkaline, calcareous conditions during three years after one 

soil band injection. 

The third appended manuscript, “Manure and Soil Zinc application to ‘Wichita’ 

Pecan Trees Growing under Alkaline Conditions” found that application of manure, and 

particularly manure plus Zn, increased foliar Zn levels in pecan trees after two years of 

annual applications. Additional research on the effects of manure on Zn behavior would 

help provide understanding concerning the processes involved and management practices 

of manure and zinc sulfate to enhance Zn uptake by pecan trees under alkaline conditions 

of the southwest of US. 

The fourth appended manuscript “Soil Zinc Fertilization in One Year Old Potted 

´Wichita’ Pecan Trees in Alkaline Soil” determined that plant growth was not affected 

significantly by soil and manure application in one year old 'Wichita' trees planted in 40 

L pots. However, total leaflet growth was higher in the Zn EDTA treatment with 30.6 g 

per plant versus 20.2 g per plant in the untreated control. Trees treated with Zn EDTA 

had the highest leaf Zn concentration (240 µg·g-1).  Foliar sprayed trees had foliar Zn 

levels about half that of trees treated with Zn EDTA. Soil adsorption isotherms showed 

that of the three fertilizers evaluated Zn sulfate was adsorbed most strongly by the soil 

(1.5 mg Zn·g-1 of soil). Soil adsorption from Zn EDTA solutions was insignificant. Zinc 

EDTA can increase soil Zn availability to pecans growing in alkaline, calcareous soils. 

Soil Zn fertilization can be effective in alkaline and calcareous soils using Zn EDTA in a 

confined growing space, but rates and placement required for effective field treatment are 

unknown. 
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In Appendix E “Field Identification and Characterization of Manganese Toxicity 

in ‘Western Schley’ Pecan Trees” it is shown that manganese toxicity affects pecan 

growth and decreases fruiting characteristics. Severely affected trees had higher leaflet 

Mn concentration (4034 ± 1482 µg·g-1) as compared with Unaffected trees (1620 ± 

646µg·g-1). Fruiting shoot percentage was reduced from 86 ± 8.4 % in unaffected trees to 

7 ± 6.2 % in severely affected trees. Shoot growth and leaf area were also influenced. 

Severity of the disorder increased as soil pH decreased (down to 5.26) and DTPA 

extractable Mn increased (up to 42 µg·g-1). By midsummer, leaf size and weight were 

similar in severely affected and unaffected trees. Trees with leaf Mn concentrations 

higher than 2500 µg·g-1 in May had reduced shoot growth (reduced from 13 ± 4.2 to 2 ± 

0.8 cm) and the percentage of shoots with fruit was reduced from 86 ± 8.4 to 7 ± 6.2. 
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Effect of Nitrogen Rates on ‘Western Schley’ Pecan Tree Development 

 

Abstract. 

Annual application of nitrogen (N) at rates of 118 (118N), 236 (236N), and 354 

(354N) kg·ha-1 on 35 year old 'Western Schley' pecan trees [Carya illinoinensis 

(Wangenh.) C. Koch], were split during the growing season to evaluate the effect on 

yield, growth and leaf mineral composition. Only in one season was leaf N concentration 

affected by treatments. Effect on mineral composition was minimal, only Zn and Cu were 

affected in one season. No differences in yield and nut quality were found. Cumulative 

deviations of yield (alternate bearing intensity) in four consecutive years were 37, 33 and 

28% in treatments 118N, 236N, and 354N, respectively, with a significant linear 

response. Cumulative yield efficiency was similar in all treatments and varied from 124 

to 136 g of nuts·cm-2 of trunk cross sectional area of the trees from N118 to N354 but 

differences were not significant. Reproductive characteristics including percentage of 

fruiting shoot and fruits per cluster were not affected. Chlorophyll index varied little 

between treatments, from 50 to 52 SPAD in treatments. We found that N rates from 118 

to 236 kg N·ha-1 satisfied N needs for pecan in irrigated orchards in the southwest United 

States. 
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Introduction 

Nitrogen fertilization is considered a critical management practice impacting 

pecan yield and nut quality (Smith et al., 1995; Wells and Wood, 2007). Nitrogen 

participates in photosynthesis, amino acid metabolism, and vegetative growth (Elmore 

and Polles, 1980; Hu and Sparks, 1992).  Its metabolism is affected by other nutrients, 

including Ni (Bai et al., 2007). Visual symptoms of N deficiency are not common in 

irrigated pecan orchards (Malstrom et al., 1983; Sistrunk and Storey, 1998), however the 

extent of mild N deficiency is unknown.  

Nitrogen deficient trees respond to N applications with increased pecan yield, nut 

quality, and tree appearance (Smith et al., 1985; Smith et al., 2004; Worley, 1990a). 

Over-fertilization can lead to nutritional imbalances with K (Wells and Wood, 2007; 

Worley, 1990b), reduction of nut size (Worley, 1990a), and increases in number of ‘stick-

tights’, fruits with shucks that fail to split (Storey et al., 1996). 

Nitrogen rate evaluations in irrigated pecan orchards are scarce. Most studies have been 

conducted in the southeastern US, where irrigation is supplemental if used at all. In 

Georgia, several researchers have studied the effect of N rates (Acuna-Maldonado et al., 

2003; Sistrunk and Storey, 1998; Smith et al., 1985; Smith et al., 1995; Smith et al., 

2004; Smith and Endicott, 1983; Worley et al., 1995; Worley, 1985; Worley, 1990a; 

Worley, 1990b). Several have related increased yield and nut quality (Skinner, 1921; 

Skinner, 1922), and reduced alternate bearing (Wood, 1993) to N fertilization. 

Nitrogen responses to rate and timing treatments are often erratic and inconsistent 

and it can take several years to significantly affect pecan yield and quality (Acuna-
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Maldonado et al., 2003; Smith, 2007; Smith et al., 2004). Nutrient cycling and N storage 

in perennial tissue may be a large part of the reason for delayed responses (Acuna-

Maldonado et al., 2003; Smith et al., 2007).  Nitrogen in pecan orchards cycles much as 

in forest systems (Allen et al., 2004; Allen et al., 2005). Nitrogen absorbed by the roots 

can be translocated in the plant, and then used in structural and physiological processes, 

stored, redistributed, and reused (Kraimer et al., 2001; Kraimer et al., 2004; Smith et al., 

2007).  Eventually, this nutrient moves out of the orchard through processes such as 

nitrate leaching, denitrification, nut harvest, pruning, and defoliation. A 1000 kg pecan 

harvest removes approximately 11 kg of N, or 15 kg including the shuck per ton of nuts 

harvested (Sparks, 1975).  Nutrients are released at a slow rate through mineralization of 

leaves, shucks, and limbs deposited on the soil, increasing efficiency of recycling and 

reducing the risk of gaseous or leaching losses (Allen et al., 2005; Tahboub et al., 2007; 

Tahboub et al., 2008).  

Typical commercial N fertilization rates in the southwestern United States are 

greater than 100 kg·ha-1, but a relatively small portion of this N is utilized. From 221 kg 

15N·ha-1, applied from March through June of 1996 only 21% was absorbed by the tree, 

35% remained in the soil, and 44% was lost to environment by the end of the season 

(Kraimer et al., 2004). In irrigated orchards most loss is due to leaching (Kraimer et al., 

2001; Kraimer et al., 2004). Volatilization occurs in alkaline soils and alkaline waters 

when N is applied to the soil surface (Herrera and Lindemann, 2001). 
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Crop yield and quality are related to N level in the plant (Beverly and Worley, 1992; 

Pond et al., 2006). Optimal ranges of N in mature leaflets range from 2.2 to 3.0% (Pond 

et al., 2006).  

In general, N rate evaluations have been conducted in areas with high 

precipitation. Little information is available about response to N rates in irrigated 

orchards in the arid southwest United States.  There is also limited information about the 

response of improved varieties. ‘Western Schley’ is the main variety in pecan orchards in 

West Texas, New Mexico, Arizona, and California. In the southeast of Arizona a pecan 

orchard is often fertilized with rates higher than 350 kg·ha-1. The purpose of this study 

was to determine the effect of reduced N rates on yield, quality, growth, and leaf mineral 

composition of irrigated ‘Western Schley’ pecan orchards in Arizona. 

 

Materials and Methods 

This study was conducted in Kansas Settlement located in Southeast Arizona on 

'Western Schley' pecan trees (~35 years old) from May 2005 to December 2008. The 

orchard is established on a clay loam (Sonoita soil, fine clayed, mixed, thermic, Typic 

Hapliargid). The soil is thermic and semi-arid, with mean annual soil temperature from 

15 to 22 oC and a mean annual precipitation from 25 to 40 cm (Hendricks, 1985). The 

soil is acidic and has low soluble salt content (Table 1). Trees are planted on a 9.15 m 

square design. Chemical weed control was used to keep the tree rows weed free, and 

alleys were mowed. Trees were level basin flood irrigated once a month from February to 

October. Twenty cm of water was applied in each irrigation event. Commercial pest 
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control was used in the orchard to control aphids. Trees were hedged and topped in 2007 

using a vertical lateral cut 3 m from the trunk with an inclination to the center of the tree 

of 5º; topping was done at 8.2 m height. The hedging was done with a north to south 

orientation. 

Each plot consisted of one irrigation bench containing 3 rows with 24 trees in 

each row.  Three rates of N (118, 236, and 354 kg·ha-1) were applied (these are 

subsequently denoted as 118N, 236N, and 354N kg N·ha-1) in six monthly applications 

during the growing season, starting in May. The N source in the first and second 

applications was a mixture of 26-13-13 fertilizer, containing N in the ammonium nitrate 

form. Urea alone was used in the four later applications. Fertilizers were broadcast 

uniformly across the benches and irrigation applied immediately after each fertilizer 

application. The experiment had a randomized complete block design with three 

replications. ANOVA, Tukey HSD mean separations , and trend analysis using 

orthogonal linear and quadratic contrasts were used to determine the effect of N rates on 

measured variables and performed with SAS software for windows 9.1 (SAS Institute 

Inc. Cary, NC). 

Leaf tissue samples were collected from the 18 central trees in the middle row of 

each plot.  Eight trees were marked in the center of each data row and were used for 

growth and fruiting measurements. Trunk cross-sectional area was calculated using trunk 

circumference measured 20 cm above the ground during October 2007 and October 2008. 

Four terminal shoots, 1.5 to 2.0 m above the ground, were selected in each orientation 

(North, East, South, and West) to measure annual terminal shoot growth.  



 93

Effect of treatments on fruiting was determined in 2007 and 2008 from shoots 

located from low to mid canopy height.  Fruiting shoots were counted from 100 terminal 

shoots in each tree during the nut filling stage.  Number of fruit per cluster was 

determined by counting the number of nuts in 20 clusters per tree. The percentage of 

fruiting shoots per tree and cluster size of shoots with fruit were calculated. 

During 2005, 2006, 2007, and 2008 yield and nut quality were determined. Yield 

was calculated by harvesting the complete experimental plot. Cumulative nut yield was 

determined for the four years of harvest. Alternate bearing intensity (I) expressed as % 

was determined by the deviation of yield in successive years, i.e. the ratio of the 

difference in yield over the sum of the yields of two consecutive years (Pearce and 

Dobersek-Urbanc, 1967), according to the next formula.  
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where: I= Altenate bearing intensity; n= total of years; and Y= year. Values are absolute 

numbers, and it is represented as percentage. 

A sample of harvested nuts (≈5 kg) was collected to determine kernel yield, 

percent of good nuts, and ‘stick tights’. Yield efficiency was determined by calculating 

yield of nuts per square centimeter of tree cross sectional area. Kernel percent was 

determined by cracking ten nuts, and separating and weighing shells and kernels. Weight 

per nut was calculated from a 1 kg sample. 

Fifty middle pair of leaflets in the leaf located in the middle of the current 

season’s shoot growth were collected monthly to determine the N composition during the 
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season. July leaflet samples were used to evaluate the complete nutritional composition 

of leaves. Leaves were washed using the following routine: wash in phosphate-free soap, 

rinse in tap water, rinse in distilled water, followed by three rinses in deionized water, 

dried at 70 °C, and ground in a mortar. Nitrogen was determined by Macro-Kjeldahl 

(Horowitz, 1980). For complete nutrient analysis, P was determined colorimetrically 

(Olsen and Sommers, 1982), and K, Ca, Mg, S, Fe, Zn, Cu, Mn by atomic absorption 

spectroscopy. 

Leaflet growth and chlorophyll index were determined on 60 leaflet samples 

during summers of 2007 and 2008.  Chlorophyll index was obtained using a Konica 

Minolta SPAD 502 meter (Konica Minolta Sensing America Inc., New Jersey), by optical 

density difference at two wavelengths (650 and 940 nm wavelength). Chlorophyll reading 

was conducted in the middle part of the leaflet. Leaflets were scanned on a flat bed 

scanner and leaflet area obtained using Scion Image software (Scion Corp., Frederick, 

Maryland). Dried leaves were weighed. 

Results 

Leaf N concentration during the season was seldom affected by rates of N 

fertilizer addition (Table 2). A negative linear response was found in June 2005 to added 

N. The 118N treatment had a slightly higher N concentration than either of the higher N 

treatments.  In August 2006, leaf N concentration increased linearly with increasing N. In 

the 2007 season, no significant differences were detected in N concentration. Differences 

between treatments were inconsistent during the season; however, the 118N treatment 
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had or shared the lowest concentration on 11 out of the 15 sampling dates over three 

years. 

No differences were found in the trunk cross sectional area (Table 3). However in 

both years 354N had the highest values although this may reflect differences prior to 

initiation of the experiment rather than response to rates of N application. Increase of 

trunk cross sectional area was not significantly affected by N applications. Differences in 

annual terminal shoot growth were not significant, nor were differences in cumulative 

shoot growth (Table 3), although the 118N treatment had the lowest terminal shoot 

growth among the three N fertilization levels. 

Nitrogen fertilization affected leaflet weight and leaflet area during 2007 (Table 

3).  In this year, leaflet weight increased linear as N fertilizer addition increased.  In 2008 

the 354N treatment also had the greatest leaf weight, although differences among 

treatments were not significant. Leaflet area mirrored leaf mass.  In both years 354N had 

the largest leaves, although differences were statistically significant in 2007 only. 

Chlorophyll index was not significantly affected by N fertilizer application but values 

increased as N rate increased in both years.   

Response of nut yields in 2006 was quadratic. Treatment N236 had the highest 

yield with 1055 kg·ha-1. Yield responses to N were not significant in 2006, 2007 and 

2008 (Table 4).  Cumulative yield differences among treatments also were not significant. 

Alternate bearing behavior is prevalent in this orchard.  Seasons 2005 and 2007 had very 

low yields, but nut yields in 2006 and 2008 were excellent.  In the two ‘off’ years, highest 

yields occurred in the 236N treatment.  However, in the ‘on’ 2006 year nut yield 
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decreased with increasing increment of N but the opposite occurred in the ‘on’ 2008 year.  

Significant linear response in I was detected in consecutive years of 2005-2006 and 2006-

2007 with the highest values for the N118 treatment. Also, I showed a linear response in 

the four year harvest span; N118 showed the highest I. Average deviations of yield in two 

consecutive years during four consecutive harvests were 37, 33 and 28% in treatments 

118N, 236N, and 354N, respectively. Kernel yield response was quadratic in 2005. In 

2006 kernel production was highest in N118 and smallest in 354N. The four year 

cumulative whole nut and kernel yield were similar in all treatment yields. Similar results 

were found for nut yield efficiency in 2006 (mass of nuts/tree trunk cross sectional area); 

cumulative yield efficiency was not affected in the four years of study. The lowest N 

treatment (118N) had the highest and the 354N treatment the lowest cumulative nut yield 

efficiencies (Table 4) but differences were not significant. 

Fruiting characteristics generally were not affected by N treatments (Table 4). 

Fruiting shoot percent ranges from 32.2 to 40.9% during 2007 and from 81.0 to 92.1 in 

2008. Number of fruit per cluster ranged from 1.86 to 2.54 in 2007 and from 2.52 to 2.66 

in 2008. 

Nut quality was not affected by N application rates (Table 5).  Nut fill was over 

58% in all the years of evaluation.  Not surprisingly, the lowest values were seen in the 

high yielding year of 2006.  Nut weight was lowest in the 354N treatment in 2005 and 

2006.  Trees receiving the least N (118N) consistently had the heaviest nuts, although 

treatment differences were not significant. In the high yielding year of 2006, the 

percentage of ‘stick tights’ (nuts with shucks that fail to open and remain stuck to the 
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shell) increased with increasing N application, and in 2007 and 2008, percentages of 

‘stick tights’ were similar in all treatments. 

Concentrations of other nutrients in July leaf samples were generally not affected 

by N application rates (Table 6). In 2005 leaf Zn concentration was highest in the 236N 

treatment.  In 2008 Cu concentrations decreased as the N rate was increased.   

 

Discussion 

After four years of evaluating N rates, consistent responses to applied N were not 

apparent. However trees fertilized with 118 N kg·ha-1 generally had the lowest leaflet N 

concentrations, the smallest trees, the least shoot growth and the smallest leaf weight and 

area.  Our results suggest that 118 kg·ha-1 is not enough N for optimum production, even 

though differences we observed were often not significant. Most growers in irrigated 

areas of the southwest of United States apply more than 118 kg·ha-1, the lowest N rate 

tested in this study. 

In contrast, 56 to 112 kg N·ha-1 has been reported to adequately supply trees 

annual needs in the Southeast US (Smith, 2007; Smith et al., 1995; Smith et al., 2004; 

Worley, 1974; Worley, 1990a; Worley et al., 1974; Young and Bryan, 1966).  In Georgia 

N rates from 0 to 134 kg·ha-1·year-1 were evaluated over a 10-year period on adult pecan 

trees. Yield was not increased by application of more than 56 kg N·ha-1 (Worley et al., 

1974).  In another study, nut size and kernel quality were similar when 112 or 224 

lbs/acre of N was applied (Worley et al., 1995). Similarly, in Oklahoma, no yield increase 

was obtained where N application rates were higher than 56 kg·ha-1 (Smith et al., 1985).    
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Nitrogen leaf levels were not significantly increased by N application rates, although all 

leaf concentrations were close to or above 30 g.kg-1.  Worley (Worley, 1990a) also 

reported that leaf N concentration did not increase in response to applied N when leaf N 

concentration was higher than 27.5 g·kg-1.  On the other hand, in a non-irrigated pecan 

orchard in Oklahoma leaf N was increased from 21.5 to 23.9 g·kg-1 when N application 

ranged from 0 to 224 kg N·ha-1(Smith et al., 1985).  

Trees in our study had leaf N levels greater than 28.0 g·kg-1 and this could be the 

reason for lack of positive yield and leaf N responses. After four years of study, no 

detectable depletion of N had been noted. In summer of 2005 leaf N level in 118N had a 

concentration 29.7 g·kg-1 and in the summer of 2007 the level was 28.3 g·kg-1.  

According to Sparks and Baker (Sparks and Baker, 1975), visible N deficiency symptoms 

appear when leaf N concentrations are lower than 22.0 g·kg-1; from 23.0 to 26.0 g·kg-1 

there is a hidden deficiency; concentrations of 27.0 to 29.0 g·kg-1 are optimum; and levels 

higher than 29 g·kg-1  are excessive.  For Arizona pecan trees, the optimum leaf N 

concentration for high yielding trees has been determined to be 25.5 g·kg-1 (Pond et al., 

2006).  Historically, relatively high rates of N fertilization have been applied in our study 

orchard.  Thus effects of N application may be delayed while N in perennial tissue 

reserves and in soil pools is slowly depleted.  

In irrigated pecan trees in New Mexico, N partitioning and cycling was measured 

using 15N (Kraimer et al., 2001).  Although uptake efficiency was very low (only 21% of 

217 kg N·ha-1 split applied during the season was recovered by the trees); recovery in 

leaf, shuck, nut, root, and wood, was 5.6, 1.0, 4.0, 3.7, and 6.4%, respectively. Only 4% 
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was extracted by the fruit at harvest. Nitrogen in shucks and leaves was recycled. This 

low efficiency of recovery of applied N shows that most of the N used by trees comes 

from N reserves in storage organs and soil N pools, minimizing effects of fertilizer N.  

Although effect on leaf N concentration was significant on just one sampling date each in 

2005 and 2006, leaf size (weight and area) increased as N rates increase during 2007.  

The chlorophyll index of these trees could be used to estimate acceptable levels for high 

yielding mature 'Western Schley' pecan trees in the irrigated southwestern US. In several 

crops as birch, wheat, and potato, SPAD index readings of 50 to 52 represent chlorophyll 

concentrations of 4 to 5 mg of total chlorophyll per gram of fresh weight of leaf tissue 

(Uddling et al., 2007).  Fresh pecan leaflet weight is about double that of dry leaflet 

weight (Andersen and Brodbeck, 1988).  Average dry leaflet weight was 0.139 g, and 

fresh weight was about 0.302 g, so a SPAD index of 50 may represent 200 to 250 mg of 

total chlorophyll.  For comparison, in Florida expanded spring flush leaflets of ‘Mohawk’ 

pecan trees had a leaflet dry weight of 0.15 g, leaflet area was 18.5 cm2, and they 

contained 185 mg of chlorophyll per leaflet (Andersen and Brodbeck, 1988). Similar 

studies must be conducted in ‘Western Schley’ pecan trees to determine the relationship 

between chlorophyll levels and SPAD indexes and N concentration. 

Yield was affected quadratically by N application rate in 2005, and 236N had the 

highest yield. In 2006, there was no effect of the treatments on yield, but 354N had the 

lowest yield. Low yields were also reported in Texas with high rates of N fertilization 

(Storey et al., 1996). Presence of ‘stick-tights’ was evident in 2006 when there was 

tendency for higher numbers of these fruits to be associated with higher levels of N. This 
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problem has been related to early freeze, low heat units during the growing season, 

excessive N, low Zn levels, excessive water or drought at the end of the growing season, 

and excessive nut production (Goldberg, 2001).  In Texas, applications of 436 kg N·ha-1 

reduced yield by 80%, doubled the number of ‘stick-tights’, and reduced nut size 

compared with applications of 109 and 218 kg N·ha-1 and as N rate increase there was an 

increment in nutlet set suggesting that excessive nut set resulted in a corresponding 

reduction in nut size and quality. The reduction of nut size they observed was not 

significant; however a consistent tendency for smaller nuts with high N rate treatments 

was noted (Storey et al., 1996).  We also noted a non-significant decrease in nut size with 

large N applications. 

Alternate bearing intensity decreased as N rates increased, although not 

significantly. Normal alternate bearing intensity for 'Western Schley' ranges from 56 to 

69% in Georgia (Conner and Worley, 2000). In Arizona, 'Western Schley' had been 

reported with an alternate bearing intensity of 40% (Kilby and Gibson, 2000). In our 

study, alternate bearing intensity ranged from 37% with the lowest rate of N to 28% with 

the highest N rate. 

Irrigated pecan orchards in the southwest United States have higher unit yields 

than many of the orchards used for previous N response studies in the southeast (Worley, 

1990a).  High nut production, and the large potential for loss by nitrate leaching and 

ammonia volatilization, suggests that orchards in this area might require more N than 

those tested in the southeast where trees seldom need more than 112 kg·ha-1. However we 

did not find differences in yield with applications greater than 118 kg.ha-1 after four years 
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of evaluation, supporting the idea that need for N in pecan production are lower than 

levels currently being applied in commercial orchards.  However, N reserves in pecan 

trees are very large, and it may take more time to develop N stress. Fifteen year old 

‘Maramec’ pecan trees had 4.3 and 5.9 kg N·tree-1 in the storage organs (root, trunk, and 

limbs) during dormancy (Acuna-Maldonado et al., 2003). Reserves of N are large, and 

this may require long term experiments to see differences in production (Worley, 1994). 

Nitrogen rate response was inconsistent, but high N rates had a tendency to increase leaf 

weight and size, decrease cumulative nut and kernel production, increase numbers of 

stick-tights, and decrease nut weight. Adequate N rates for pecans in this orchard are 

believed to be between 118 to 236 kg N·ha-1·year-1. 
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Table 1. Orchard soil characteristics at the beginning of the study 
Soil test Method Units Value 
pH Saturated paste SU 6.4 
Electrical Conductivity Saturated pste dS·m-1 0.57 
Calcium NH4OAc (pH 8.5) mg·kg-1 2600 
Magnesium NH4OAc (pH 8.5) mg·kg-1 350 
Potassium NH4OAc (pH 8.5) mg·kg-1 310 
Zinc DTPA mg·kg-1 2.2 
Iron DTPA mg·kg-1 29.0 
Manganese DTPA mg·kg-1 49 
Copper DTPA mg·kg-1 2.0 
Nickel DTPA mg·kg-1 1.2 
NO3-N Cd reduction mg·kg-1 15.0 
PO4-P Olsen mg·kg-1 30.0 
SO4-S Hot water mg·kg-1 110.0 
Boron Hot water mg·kg-1 0.41 
Free lime Effervescence  Low 
Exchangeable Sodium 
Percent (ESP) 

Calculated % 2.8 

Cation Exchange 
Capacity (CEC) 

Calculated meq·100 g 17.2 
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Table 2. Effect of N rate on leaflet N concentration of ‘Western Schley’ pecan trees 
during the growing season (g·kg-1 dry weight) 
N rate 
(kg·ha-1) 

Date of sampling 

2005 5/10 6/18 7/11 8/12 9/9 10/4 Season Avg. 
118 29.7 30.0a 28.0 29.7 28.7 27.3 29.0 
236 30.7 29.0b 28.7 30.0 29.7 28.0 29.3 
354 30.3 28.3b 28.0 29.7 30.0 28.7 29.3 
Linear NSz ** NS NS * NS NS 
Quadratic NS NS NS NS NS NS NS 
Pr>F NS ** NS NS NS NS NS 
        
2006 5/19 6/8 7/12 8/10  9/27  
118 32.3 31.3 31.7 31.0 a  30.0 31.3 
236 34.0 31.3 32.0 31.3 ab  30.0 31.7 
354 33.3 32.0 31.7 32.0 b  29.7 31.7 
Linear NS NS NS *  NS NS 
Quadratic NS NS NS NS  NS NS 
Pr>F NS NS NS *  NS NS 
        
2007  5/30 6/28 8/7 9/7 9/26  
118  30.0 31.7 28.5 30.0 29.3 28.9 
236  31.7 32.3 29.0 31.3 28.3 29.3 
354  31.3 30.7 28.8 30.3 28.7 29.2 
Linear  NS NS NS NS NS NS 
Quadratic  NS NS NS NS NS NS 
Pr>F  NS NS NS NS NS NS 
        
2008  5/28 7/2 8/7 9/10 10/9  
118  30.0 29.7 28.3 27.3 2.50 28.1 
236  3.13 30.0 28.3 27.3 2.57 28.5 
354  30.7 28.0 28.3 28.3 2.60 28.3 
Linear  NS NS NS NS NS NS 
Quadratic  NS NS NS NS NS NS 
Pr>F  NS NS NS NS NS NS 
Z NS, *, **; Not significant, significant (Pr>F = 0.05), and highly significant (Pr>F = 0.01). 
Y LSD= Least Significant Difference with Tukey HSD at 0.05 
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Table 3. Effect of N rates on growth parameters of 'Western Schley' pecan trees  
N rate 2005 2006 2007 2008  
Trunk cross sectional area (cm2·tree-1)   Increase 
118N - - 502.2 516.2 14.0 
236N - - 503.7 532.8 29.0 
354N - - 527.5 547.7 20.2 
Linear   NSz NS NS 
Quadratic   NS NS NS 
Pr>F   NS NS NS 
      
Terminal shoot growth (cm)   Cumulative 
118N 21.5 16.3 15.8 10.6 64.2 
236N 24.9 17.5 18.8 12.8 74.0 
354N 22.2 18.4 17.5 13.0 71.1 
Linear NS NS NS NS NS 
Quadratic NS NS NS NS NS 
Pr>F NS NS NS NS NS 
      
Leaflet dry weight (g)    
118N - - 0.146 a 0.129  
236N - - 0.139 ab 0.132  
354N - - 0.166 b 0.145  
Linear   * NS  
Quadratic   * NS  
Pr>F   * NS  
    
Leaflet area (cm2)    
118N - - 17.4 a 16.8  
236N - - 16.5 ab 17.2  
354N - - 19.5 b 18.4  
Linear   * NS  
Quadratic   * NS  
Pr>F   * NS  
    
Chlorophyll index (SPAD)    
118N - - 50.9 50.9  
236N - - 51.2 51.0  
354N - - 51.7 52.0  
Linear   NS NS  
Quadratic   NS NS  
Pr>F   NS NS  
      
z NS, *, **; Not significant, significant (Pr>F = 0.05), and highly significant (Pr>F = 0.01). 
y LSD= Least Significant Difference with Tukey HSD at 0.05 
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Table 4. Effect of N rate on yield and reproductive characteristics of 'Western Schley' 
pecan trees 
N rate 2005 2006 2007 2008 Cumulative 
Yield (kg·ha-1)     
118N 824 3188 1358 2982 8352 
236N 1055 2404 1568 3314 8342 
354N 912 1563 1608 3601 7684 
Linear NSz NS NS NS NS 
Quadratic * NS NS NS NS 
Pr>F NS NS NS NS NS 
      
Alternate bearing intensity of  two consecutive years (I)  
118N  0.60 0.41 0.39 0.37 
236N  0.39 0.24 0.36 0.33 
354N  0.32 0.16 0.36 0.28 
Linear  * * NS * 
Quadratic  NS NS NS NS 
Pr>F  NS NS NS NS 
     
Meat yield (kg·ha-1)     
118N 503 a 1868 798 1722 4891 
236N 641 b 1414 922 1893 4870 
354N 542 ab 901 931 2158 4532 
Linear NS * NS NS NS 
Quadratic ** NS NS NS NS 
Pr>F * NS NS NS NS 
      
    
Nut Yield efficiency (g·cm-2)    
118N 13.9 53.5 22.8 48.6 139 
236N 17.3 39.2 26.6 52.0 135 
354N 14.5 25.2 25.84 61.1 127 
Linear NS * NS NS NS 
Quadratic NS NS NS NS NS 
Pr>F NS NS NS NS NS 
LSD0.05      
     
Fruiting shoots (%)     
118N - - 36.6 92.1  
236N - - 40.9 81.0  
354N - - 32.2 86.3  
Linear   NS NS  
Quadratic   NS NS  
Pr>F   NS NS  
      
Fruits per cluster     
118N - - 1.86 2.67  
236N - - 2.54 2.54  



 110

354N - - 2.35 2.52  
Linear   NS NS  
Quadratic   NS NS  
Pr>F   NS NS  
      
z NS, *, **; Not significant, significant (Pr>F = 0.05), and highly significant (Pr>F = 0.01). 
y LSD= Least Significant Difference with Tukey HSD at 0.05 
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Table 5. Effect of N rate on nut quality of 'Western Schley' pecan trees 
N rate 2005 2006 2007 2008 
Nut filling (kernel %)    
118N 61.2 58.6 58.6 57.6 
236N 61.0 58.7 58.7 57.1 
354N 59.6 58.0 58.0 54.5 
Linear NS NS NS NS 
Quadratic NS NS NS NS 
Pr>F NS NS NS NS 
     
Nut weight (g)   
118N 5.40 4.81 5.35 4.42 
236N 5.27 4.70 5.24 4.54 
354N 4.93 4.64 5.19 4.36 
Linear NS NS NS NS 
Quadratic NS NS NS NS 
Pr>F NS NS NS NS 
     

Sticktights (%)   
118N - 8.3 33.6 34.3 
236N - 28.5 32.2 26.2 
354N - 55.1 25.1 23.9 
Linear  NS NS NS 
Quadratic  ** NS NS 
Pr>F  NS NS NS 
z NS Not significant at Pr>F = 0.05 
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Table 6. Effect of N rates on mineral composition of adult pecan ‘Western Schley’ trees 
Treatment N P K Ca Mg S 

 

Fe Zn Cu Mn B 
2005 g·kg-1  

mg·kg-1

118N 29.7 1.3 8.0 18.0 4.9 2.5 
 

126 74aby 8.2 2133 200 
236N 30.0 1.4 8.3 17.3 4.7 2.6 

 

133 81 b 8.8 2300 206 
354N 29.7 1.3 8.1 18.7 5.0 2.5 

 

130 71a 7.9 1933 203 
Pr>F NSz NS NS NS NS NS 

 

NS * NS NS NS 
       

 

     
2006       

 

     
118N 31.0a 1.5 7.8 17.7 4.9 2.6 

 

110 70 8.80 2267 187 
236N 31.3ab 1.4 7.9 16.7 4.7 2.5 

 

113 69 8.57 2133 190 
354N 32.0 b 1.4 7.8 16.3 4.8 2.5 

 

120 64 8.17 2000 183 
Pr>F * NS NS NS NS NS 

 

NS NS NS NS NS 
       

 

     
2007       

 

     
118N 28.5 1.6 9.4 24.6 6.3 3.0 

 

94 109 7.7 2668 168 ab 
236N 29.0 1.5 8.8 23.1 6.4 3.0 

 

78 105 8.0 2811 180 b 
354N 28.8 1.5 8.9 24.8 6.7 2.9 

 

88 92 6.7 3268 161 a 
Pr>F NS NS NS NS NS NS 

 

NS NS NS NS ** 
       

 

     
2008       

 

     
118N 28.3 1.3 7.6 20.0 5.1 2.0 

 

111 67 7.9 b 2333 167 
236N 28.3 1.3 7.5 20.7 5.2 2.1 

 

105 76 7.7ab 2433 170 
354N 28.3 1.3 7.5 20.0 5.2 2.0 

 

109 61 6.8a  2367 160 
Pr>F NS NS NS NS NS NS 

 

NS NS * NS NS 
z NS, *, **; Not significant, significant (Pr>F = 0.05), and highly significant (Pr>F = 0.01). 

y Numbers with different letter are significant different at Pr>F = 0.05 with Tukey HSD at 0.05
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APPENDIX B 
SOIL ZINC FERTILIZATION OF ‘WICHITA’ PECAN TREES GROWING 
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Soil Zinc Fertilization of ‘Wichita’ Pecan Trees Growing under Alkaline Soils 

Conditions 

 

Abstract. 

The effect of soil banding zinc sulfate and zinc-EDTA was evaluated over a 

period of four years on established ‘Wichita’ pecans [Carya illinoinensis (Wangenh.) C. 

Koch] growing in alkaline, calcareous soil. Treatments evaluated were ZnSO4 applied at 

74 kg Zn·ha-1 and zinc-EDTA at 19 kg Zn·ha-1. These materials were applied once on 

March 23, 2005. Fertilizers were injected in two bands placed 3 m from either side of the 

trunk of the tree and 20 cm deep. Treatments were replicated four times in a randomized 

complete block design. Data collected included foliar Zn concentrations through the 

season, mid-season foliar nutrient concentrations, leaflet growth, nut yield, and nut 

quality. Significant differences in foliar Zn levels were found one month after application 

of Zinc-EDTA. Differences also were noted during the next three years on approximately 

25% of the sampling dates. Yields averaged 2800 kg·ha-1 during the three years of harvest 

but were not affected by treatments. Nut quality also was not affected.  Nut kernel 

percentage was very high, ranging from 61.2 to 63.6% during the study. Growth, 

measured as leaflet area and trunk cross sectional area, was not affected by Zn 

application. Chlorophyll index ranged from 47.5 to 48.0 in 2007 and from 44.7 to 45.4 in 

2008, and was unaffected by applied treatments. Zinc-EDTA increased Zn uptake by 

‘Wichita’ pecan trees in alkaline, calcareous conditions during three years after one soil 

band injection. 
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Introduction 

Spraying Zn solutions onto the tree canopy is the standard method for supplying 

this nutrient to pecans.  Zinc applied to soil reacts with hydroxyls and carbonates in 

alkaline and calcareous soils forming compounds of low solubility limiting its plant 

availability (Agbenin, 2003; Lindsay, 1979; Udo et al., 1970). Foliar Zn sprays can 

reliably increase leaf Zn levels over threshold levels of approximately 50 µg·g-1, but this 

method has several disadvantages. Foliar application is time consuming, requires 

investment in expensive equipment, uses fuel, repeated traffic through the orchard causes 

soil compaction, and spray schedules interfere with management in the orchard (mainly 

with irrigation).  Additionally, repeated applications are required during  the growing 

season due to low mobility of sprayed Zn within the tree (Grauke et al., 1982; 

Wadsworth, 1970). Because of these disadvantages, growers would benefit from an 

effective and efficient method of applying Zn fertilizers to the soil. 

Soil application of Zn has been successful in the acidic soils of the southeast 

United States (Sparks, 1976; Wood, 2007), but is much less likely to be effective in 

alkaline, and particularly, calcareous soils. Response of pecan to soil Zn application can 

take several years, depending on application rate and method of application.  On an acid 

soil in Georgia, using zinc sulfate (35 kg of Zn·ha-1), zinc oxide (35 kg of Zn·ha-1), and 

Zn-EDTA (3.5 kg Zn·ha-1), recovery of a Zn deficient orchard was very slow, and it took 

three to four years to reach the optimum Zn levels in the leaf and eliminate deficiency 

symptoms (Worley et al., 1972).  Zinc application rates from 0 to 4224 g Zn·tree-1 (as 

either ZnSO4 or ZnO) applied in a band through drip irrigation were evaluated on four 
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year old ‘Desirable’ trees in an acid soil in Georgia. In the first year of evaluation, four 

months after application, trees that receive rates higher than 528 g Zn·tree-1 had leaf Zn 

levels over 50 µg·g-1. In the second year, only those with rates of at least 2,112 g Zn·tree-1 

had leaf Zn levels over 50 µg·g-1, and in the fourth year after application, treatments with 

rates higher than 132 g per tree had greater than 50 µg·g-1 of Zn in the leaves (Wood, 

2007).  In contrast, extremely high rates, as much as 126 kg of ZnSO4·tree-1, were needed 

to provide adequate Zn to pecan trees in a calcareous soil in Texas (Storey et al., 1971).  

ZnSO4, ZnO, and Zinc-EDTA were broadcast or placed in holes (six holes, each 

2.5 cm in diameter x 30 cm depth), in a Georgia soil that had been limed to a pH of 7.4 

(Worley et al., 1972).  Broadcast applications of either ZnO (applied at 22 g·cm-1 of trunk 

circumference, applied annually over five years) or Zinc-EDTA (3.3 g·cm-1) increased 

leaf Zn relative to the untreated control; ZnSO4 placed in holes did not. Response to 

broadcast Zn-EDTA effects was significant in year two, whereas ZnO effects were not 

significant until year five. Zinc sulfate had no significant effect, regardless of placement.  

Extractability of Zn2+ in soils treated with EDTA at rates of 0.1 and 0.2 mg·kg-1 soil was 

increased as EDTA rate was increased (Karaca et al., 2000). DTPA-extractable Zn was 

6.29 for the 0.1 mg·kg-1 rate, and 7.57 mg·kg-1 for the 0.2 mg·kg-1 rate, versus 2.07 mg·kg-

1 in the control.  In a field demonstration study in Texas, Zinc-EDTA was applied via a 

drip irrigation system in 1974, at annual rates of 0.8, 1.6, and 2.5 kg Zn·ha-1 (Lindsey and 

Condra, undated).  Resulting leaf Zn levels were 39, 53, and 68 µg·g-1, respectively. In 

1975, the corresponding leaf Zn levels were 49, 54, and 70 µg·g-1, respectively. These 
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data suggest that drip irrigation applied Zinc-EDTA elevated leaf Zn levels, however no 

unfertilized controls were included, and the data were not statistically analyzed. 

Response to soil application of Zn fertilizers can take several years, depending on 

placement  (Wood and Payne, 1997).  ZnO and ZnSO4 were broadcast on a limed 

Georgia soil with a pH of 7.3 in the top 2.5 cm and 6.2 in the 2.5 cm below that.  A single 

application of 160 kg Zn·ha-1 of either material increased tissue Zn above 50 µg·g-1 in 

year two when disked into the soil and in year four when not incorporated.  In another 

study an application of ZnSO4 was banded (0 to 391 kg ha-1) or broadcast (0 to 448 kg 

Zn·ha-1) on a Georgia soil with pH ranging from 4.8 to 5.2 in a single application.  Leaf 

Zn levels increased over the next five years. Applications of at least 112 kg Zn·ha-1 

broadcast or 391 kg Zn·ha-1 banded increased Zn levels to over 50 µg·g-1. Greater 

broadcast application rates increased leaf Zn sooner: 448 kg Zn·ha-1 increased Zn above 

the 50 µg·g-1 threshold in the second year, 224 kg Zn·ha-1 in year four to five, and 112 kg 

Zn·ha-1 in year five. In banded treatments, 391 kg Zn·ha-1 raised leaf Zn to 50 µg·g-1 in 

year five (Payne and Sparks, 1982b). 

There is a lack of studies of Zn applied to irrigated calcareous soils.  We 

evaluated Zn uptake, tree growth, and nut yield following a one-time band application of 

ZnSO4 and Zn-EDTA in a calcareous soil over a period of four years. The objective was 

to determine if these fertilizers can effectively enhance Zn uptake in young ‘Wichita’ 

pecan trees in an irrigated, alkaline desert soil. 
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Materials and Methods 

A field study was conducted on a commercial pecan orchard in southeast Arizona 

(lat. 31º55’01.25” N, long. 110º57’27.56”, elevation 844 m) on adult 'Wichita' trees (7 

years old) from May 2005 to November 2008.  The trees are growing in an alkaline and 

calcareous Pima clay loam soil with a soil pH of 7.6 (fine clayed, mixed, thermic, Typic 

Hapliargid).  The soil is thermic and semiarid, with mean annual soil temperature from 15 

to 22 oC and a mean annual precipitation between 25 to 40 cm (Hendricks, 1985). Table 1 

presents general soil characteristics of the orchard site at 0-30 cm depth, the soil is typical 

of many southwestern US soils and therefore many regional pecan orchards. Trees are 

planted in a square design and the space between trees is 9.15 m.  The area between tree 

rows was mowed to keep the soil clean of weeds during the growing season. Trees were 

level basin flood irrigated twice each month from April to October. A total of 1.50 m of 

water depth was applied each year. Standard commercial methods were used to control 

aphids.  Beginning in 2007 the orchard was converted to organic production and pest 

control methods were changed accordingly. During the winter of 2006-2007 the trees in 

buffer rows between experimental plots were mechanically hedge pruned.  In the winter 

of 2007-2008 tree rows within plots were hedged. Trees were hedged 3 m from each side 

of the trunk and 9 m high. Lateral hedge pruning had an inclination of 5º from the vertical 

toward the trunk with the top pruned at an angle of 160º. 

Treatments evaluated were ZnSO4 applied at a rate of 74 kg Zn.ha-1 and Zn-

EDTA at 19 kg Zn·ha-1.  These materials were applied once only, on March 23, 2005. 

Fertilizers were injected in bands placed 1.2 m from the trunk of the trees and 18 cm 
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depth.  Each tree row received two fertilizer bands, one on each side of the row.  

Treatments were replicated four times in a randomized complete block design. Each plot 

consisted of one row of 15 trees.  Every experimental plot was separated by one buffer 

row.  Leaf sampling and growth measurements were collected from the 11 central trees in 

each plot row. 

Trunk circumferences were measured 20 cm above the ground on these trees for 

calculation of trunk cross sectional area (TCSA) measurements. Trunk cross-sectional 

area was calculated from trunk circumferences in February 2007 and February 2008. 

During 2005, 2006, 2007, and 2008, nut yield and quality were measured. Yield was 

calculated by harvesting the complete experimental plot. Cumulative nut yield was 

determined from the four years of harvest. Alternate bearing intensity was determined by 

the deviation of yield in successive years, expressed as percent (Pearce and Dobersek-

Urbanc, 1967), according to the next formula: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
−

++
+
−

+
+
−

−
=

−

−

nn

nn

YY
YY

YY
YY

YY
YY

n
I

1

1

32

32

21

21 ...*
1

1 ,       

where: I= Altenate bearing intensity; n= total of years; and Y= year. Values are absolute 

numbers, and it is represented as percentage. 

A sub-sample of about 5 kg of the harvested nuts was used to determine meat 

yield, percent of good nuts, and stick-tights nuts (fruit with shuck remaining stuck to the 

shell after harvest). Yield efficiency was determined by calculating yield of nuts per 

square centimeter of tree trunk cross sectional area. Kernel percent was determined by 
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cracking ten nuts from each experimental plot and separately weighing shell and kernel. 

Weight per nut was calculated by counting the number of nuts per kg. 

Twenty middle pairs of leaflets from the leaves located in the middle of the 

current season’s shoot growth on lower limbs were collected every two or three weeks 

from May to October for Zn analysis.  Complete nutrient analyses were conducted on 

leaflet samples collected in late July to determine the nutritional composition of the 

leaves. Immediately following sampling, leaves were washed using the following routine: 

wash in phosphate-free soap, rinse in tap water, rinse in distilled water, followed by three 

rinses in deionized water.  Leaves were dried at 70 °C, and ground with a mortar and 

pestle. During 2008 a rinse with hydrochloric acid (1% v/v) was added between the rinse 

with distilled water and rinse with deionized water.  Complete analysis was conducted as 

follows. Nitrogen was determined by macro-Kjeldahl (Horowitz, 1980).  For additional 

analysis leaf tissue was ashed in a muffle furnace for 5 hours at 500ºC. Hydrochloric acid 

(2.2 N) was used to dissolve the ash. Phosphorus was determined colorimetrically (Olsen 

and Sommers, 1982).  Potassium, Ca, Mg, S, Fe, Zn, Cu, Mn were assayed by atomic 

absorption spectroscopy. 

Leaflet size and chlorophyll index were determined on samples of 60 leaflets each 

summer. Chlorophyll index was obtained using a Konica Minolta SPAD 502 meter 

(Konica Minolta Sensing America Inc., New Jersey), by optical density difference at two 

wavelengths (650 and 940 nm wavelength). Chlorophyll reading was conducted in the 

middle pair of leaflets. Leaflets were scanned on a flat bed scanner and leaflet area 

obtained using Scion Image software (Scion Corp., Frederick, Maryland). Weights of 
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dried leaves were also measured. During late July or early August twenty middle pairs of 

leaflets were collected from the upper part of the canopy to compare leaf Zn 

concentration and leaf area to the ground level samples described above. 

 

Results 

Zinc concentration in leaf tissue collected during the study is shown in Table 2. 

Significant differences were found as early as one month after injection of Zn fertilizers, 

although differences were not consistent over the duration of the study. Significant 

differences were found in approximately 25% of the samples collected from 2005 

through 2007. Foliar Zn levels were consistently lower than the critical level of 50 µg·g-1 

for pecans (Sparks, 1993; Sparks, 1994) until 2008, when this level was reached in all 

treatments.  Throughout the study, trees never exhibited visual Zn deficiency symptoms. 

During most of this study the Zinc-EDTA treated trees had higher leaf Zn concentrations 

than the other two treatments, however even in this treatment leaflet Zn concentrations 

did not reach 50 µg·g-1 until the fourth year after treatment application. In 2005 leaf Zn 

concentrations were significantly higher in the leaves on the upper half of the trees as 

compared with the ground level leaves, although in 2007 there was no difference in leaf 

Zn concentration in the two parts of the trees. In 2008, differences in leaf Zn between 

ground and upper leaflets were not significant for the control treatment, but leaf Zn levels 

in the Zn EDTA and zinc sulfate treatments were lower in the upper canopy compared to 

the lower part of the tree. 
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Zinc treatments did not affect growth of pecan trees (Table 3). Trunk cross 

sectional area (TCSA) was not affected and growth from 2006 to 2008 was not affected 

by treatments. The increase in TCSA was slightly higher for the Zinc-EDTA treatment 

than the rest of the treatments; however, differences were not significant. Leaflet areas 

from the upper and lower canopy were not affected by Zn treatments. During the first 

year of evaluation leaflet size (area) was significantly larger in the lower part of the trees, 

in the third year upper and lower leaves were nearly equal in size and no significant 

differences were found. In the fourth year leaflets areas from the lower canopy were 

significantly smaller than leaflets from the top of the tree in the Zn-EDTA and control 

treatments. Chlorophyll indices ranged from 47.5 to 48.0 in 2007 and from 44.7 to 45.4 in 

2008. No significant differences were found among treatments. 

In the four years following soil Zn application, no effect was found on nut yield or 

quality (Table 4).  The 2005 season was a high yielding ‘on’ year.  This was followed by 

a low yielding ‘off’ year, and then another high/low yield cycle.  Variations in yields in 

consecutive years were quite similar in all treatments. Cumulative yield among Zn 

treatments over the three years of the study also was not significantly different, but Zinc-

EDTA had the highest yield.  Notably, the annual nut yields of the Zinc-EDTA treated 

trees increased relative to that of the other treatments each yield cycle.   

Nut quality was not affected by treatments (Table 5). Kernel percentage was over 

61.2 in all the years of evaluation. Nut weight ranged from 7.0 to 8.4 g per nut. The 

percentage of nuts exhibiting vivipary was between 2.6 to 11.0% and the percentage of 

sticktights ranged from 2.6 to 11.2%.  Neither malady was affected by Zn treatments. 
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In two out of four years, leaflet Mn concentration was significantly lower in Zinc-

EDTA treated trees than in other treatments (Table 6).  The decrease in Mn level in Zinc-

EDTA trees was of 14% in 2006 and 10% in 2007. The same relationship was noted in 

2008, but the difference was not significant.  Concentrations of other nutrients in leaflet 

tissues were unaffected by treatment. 

 

Discussion 

Leaflet Zn levels below 50 µg·g- did not cause visual deficiency symptoms in this 

study.  In the first season after soil Zn application (2005), late July leaflet Zn 

concentrations ranged from 15 to 22, in 2006 from 33 to 38, in 2007 from 39 to 42, and in 

2008 from 44 to 58 µg·g-1. Leaflet Zn concentration below the critical level of 50 µg·g-1 

(Sparks, 1993; Sparks, 1994; Wood, 2007) during the first years of the study could be due 

to rapid growth of the young Wichita trees.   

Leaflet Zn concentrations increased as the study progressed, even in the untreated 

control plots.  The reasons for this are not clear.  However, in 2007 manure applications 

were started as part of a switch from ‘conventional’ to ‘organic’ production.  This may be 

related to the high Zn concentrations in 2008, although it does not explain the increase 

from 2005 to 2006.  In 2008 numerous fruiting bodies of the ectomycorrhizal fungi 

Pisolithus tinctorius and Scleroderma bovista were found in the orchard.  Development 

of mycorrhizal fungi is known to enhance uptake of several nutrients, including Zn.  It is 

not known whether or not these fungi were a factor in data obtained in the current study. 
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Nut yield and quality did not appear to be related to leaflet Zn, although lack of 

response on foliar Zn concentrations to soil Zn fertilizer treatments made this relationship 

difficult to assess.  It is possible that all trees contained adequate Zn for optimal 

production.  Varying critical levels have been established for pecans and several 

researchers noticed no difference in pecan performance when Zn levels are above 36 to 

35 µg·g-1 (Sparks, 1976). Other reported critical levels are: 20 µg·g-1 (Lane et al., 1965), 

40 µg·g-1 (Worley et al., 1972), and 60 µg·g-1 (Storey et al., 1971).  A sufficiency range 

of 50 to 100 µg·g-1 has been proposed (Sparks and Payne, 1982). The preferred leaf level 

of Zn for pecans in Louisiana is 50 to 150 µg·g-1 (Obarr et al., 1978).  Seedlings of 

'Curtis' growing in nutrient solution without Zn contained  24 to 37 µg·g-1 of Zn, at which 

levels seedlings showed mild Zn deficiency symptoms (Sparks, 1978).  In Georgia, high 

yielding pecans (> 58 kg nuts per tree) had an average of 126 µg·g-1 of Zn in leaves, and 

the coefficient of variation was 60% (Beverly and Worley, 1992).  Optimum 

concentration in Mexico was determined to be 65 µg·g-1 (Medina, 2004), and in the 

southwestern United States 174 µg·g-1 (Pond et al., 2006).  In our study, average annual 

yield three years after application was over 2800 kg·ha-1 which is considered as very 

acceptable, nut quality was excellent, and kernel yield was over 61%. 

These data imply that a critical level of 50 µg·g-1 is too high. Pecans grown in 

hydroponic sand culture with nutrient solution omitting Zn exhibited  interveinal necrosis 

in leaves with 7.2 µg·g-1, mottling at 9.8 µg·g-1, and no symptoms in leaves with 11.2 

µg·g-1 (Kim et al., 2002). 
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In 2008, the leaf area of leaflets in the upper portion of the tree was greater than in 

lower leaves for first time since the study was started. This may be due to hedge pruning 

conducted during winter of 2007-2008. Hedging promotes vigorous shoot growth in the 

top of the trees, resulting in larger leaflets.  The size of the leaflets (23.5 to 24.5 

cm2.leaflet-1 was larger than those reported for Choctaw pecan trees in shoots from the 

spring flush with 18.5 cm2·leaflet-1 (Andersen and Brodbeck, 1988).  

There are few previously published chlorophyll index values for pecan leaves 

with which to compare our data.  However, in one previous study leaf chlorophyll content 

was positively related to leaf Zn concentration (Hu and Sparks, 1991). Because the yield 

and quality of nuts from the studied trees were excellent in this study, the chlorophyll 

indices of these trees can be consider as acceptable for 'Wichita' pecan trees in the 

irrigated southwestern United States. In several crops as birch, wheat, and potato, SPAD 

indices of 50 to 52 represent chlorophyll concentrations of 4 to 5 mg of total chlorophyll 

per g (fresh weight) of leaf (Uddling et al., 2007). We calculated that 1 g of fresh leaflet 

tissue in our study contained approximately 4 to 5 mg of chlorophyll. Hu and Sparks 

(1991) fond that fresh ‘Mohawk’ leaflets contained 3.2 mg of chlorophyll·g-1 of fresh 

leaves. 

Alternate bearing intensity (I) measured as a variation in yield in consecutive 

years was very high, over 45% in two year of study, over 44% in three years, and more 

than  43% over four years. In Sonora, Mexico, I for Wichita pecan trees has been 

reported to be 26% over 7 seasons (Nunez, 2001) and in Georgia 51% in young trees and 

67% in mature trees (Conner and Worley, 2000).   
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Yield efficiency was high in the “on” years and was very low in the “off” years.  

It increased in the Zn-EDTA plots over the course of the study, and this treatment had the 

highest cumulative yield efficiency, but no differences could be attributed to treatments.  

Zn-EDTA application decreased Mn leaflet levels. This could be due to an antagonism 

between Zn and Mn, which has previously been reported (Mengel and Kirkby, 1987).  It 

has also been noted that low leaf Zn is accompanied by high leaf Mn concentrations (Kim 

et al., 2002).  Additionally, increasing the Mn concentration in a nutrient medium from 0 

to 14.78 g.L-1 decreased leaf Zn levels in Desirable pecan seedling leaflets from 137 to 

43.5 µg·g-1 (Obarr et al., 1987).  Leaflet Mn increased from 187 to 4525 µg·g-1. 

In our study, in four years following treatment leaflet Zn levels were not 

significantly affected by banding Zn in a calcareous soil. Similarly, banding a comparable 

rate of Zn (69 kg Zn·ha-1 as zinc sulfate) in an acidic soil (pH 4.8 to 5.2) did not increase 

leaflet Zn levels above 50 µg·g-1 (Payne and Sparks, 1982a).  In that study, leaflet Zn 

levels above this critical level were obtained by only applying 138 kg Zn·ha-1, and these 

concentrations were reached six years after Zn was banded.  Banding 63 kg Zn·ha-1 as 

ZnSO4 through subsurface drip irrigation system did not raise leaf Zn levels above 50 

µg·g-1 until four years after application in young 'Desirable' trees. (Wood, 2007). 

Four years after the initiation of this study in a calcareous soil with a pH of 7.6, 

all treatments, including the control treatment, had leaflet Zn levels above the critical 

level. Reasons for the increase in foliar Zn concentration over the course of the study 

could be related to the conversion of this orchard to organic production, which included a 

shift to mowing for weed control instead of the previously used soil cultivation. 



 127

Extensive earthworm and mycorrhizae activity is now much more apparent than at the 

beginning of the study. Also increased presence of feeder roots was noted in very shallow 

deep in the soil and in the leaf litter.  These conditions can affect nutrition of plants 

(Sharpe and Marx, 1986).  

Zinc-EDTA slightly increased Zn uptake by ‘Wichita’ pecan trees in alkaline, 

calcareous soil over the four years following a single band application. Yield, nut quality, 

and growth were not affected by any of the experimental treatments.  At this time this Zn 

fertilization method can not be recommended for established pecans in the southwestern 

US.  
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Table 1. Orchard soil characteristics at the beginning of the study 
Soil test Method Units Value 
pH Saturated paste SU 7.5 
Electrical Conductivity Saturated pste dS·m-1 0.44 
Calcium NH4OAc (pH 8.5) mg·kg-1 4000 
Magnesium NH4OAc (pH 8.5) mg·kg-1 310 
Potassium NH4OAc (pH 8.5) mg·kg-1 510 
Zinc DTPA mg·kg-1 3.2 
Iron DTPA mg·kg-1 5.1 
Manganese DTPA mg·kg-1 9.4 
Copper DTPA mg·kg-1 2.4 
Nickel DTPA mg·kg-1 0.12 
NO3-N Cd reduction mg·kg-1 8.8 
PO4-P Olsen mg·kg-1 9.0 
SO4-S Hot water mg·kg-1 22 
Boron Hot water mg·kg-1 0.28 
Free lime Effervescence  High 
Exch. Sodium Perc.  (ESP) Calculated % 1.8 
Cation Exchange Capacity (CEC) Calculated meq·100 g 24.3 
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Table 2. Effect of soil Zn fertilization on leaflet Zn concentration during the growing 
season in ‘Wichita’ pecan trees (µg·g-1 dry weight) 
2005 5/18 6/20 7/11 8/5 9/2 9/30    8/5 

top 
Zn Source           
Control 36 15 21 20 18 16    28 
Zinc sulfate 35 21 23 25 18 20    27 
Zn-EDTA 36 23 29 29 29 27    35 
Pr>F NS * * NS ** NS    NS 
LSD0.05  7.6 3.4  4.5      
           
2006 5/9 6/9 6/26 7/11 7/27 8/11 8/29 9/21   
Control 45 30 32 32 29 30 29 25   
Zinc sulfate 62 35 35 33 33 33 35 32   
Zn-EDTA 64 39 37 42 42 35 36 **   
Pr>F NS NS NS NS NS NS NS 0.01   
LSD0.05        8.5   
           
2007 5/3 5/22 6/7 6/21 7/10 7/26 8/14 9/5 10/2 9/5 

top 
Control 45 37 35 32 29 29 32 24 24 29 
Zinc sulfate 50 39 38 33 31 35 29 22 28 30 
Zn-EDTA 50 42 38 37 32 42 41 29 30 33 
Pr>F NS NS NS NS NS NS * * NS NS 
LSD0.05       10.7 6.9   
           
2008 5/30 6/14 7/2 7/17 7/30 8/14 9/3 9/20  8/14 

top 
Control 48 61 50 50 56 52 45 43  40 
Zinc sulfate 56 64 44 58 63 56 46 45  34 
Zn-EDTA 56 74 53 71 67 62 46 48  36 
Pr>F NS NS NS NS NS NS NS NS  NS 
MSD0.05 - - - - - - - -  - 
NS, *, **Non-significant or significant at P ≤ 0.05, or 0.01, respectively 
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Table 3. Effect of soil Zn fertilization on growth parameters of 'Wichita' pecan trees  
Zn source 2005 2006 2007 2008  
      
Trunk cross sectional area (cm2·tree-1)   Growth 

2006-2008 
Control - 440 497 562 125 
Zinc sulfate - 444 499 552 112 
Zn-EDTA - 416 477 536 122 
Pr>F  NS NS NS NS 
      

Leaflet area top (cm2.leaflet-1) 
   

Control 19.4 - 24.3 23.5  
Zinc sulfate 19.4 - 22.3 23.5  
Zn-EDTA 19.7 - 24.1 24.5  
Pr>F NS  NS NS  
      
Leaflet area ground (cm2 leaflet-1)    
Control 23.2 28.4 25.0 19.0  
Zinc sulfate 27.8 24.3 24.5 20.4  
Zn-EDTA 26.5 24.4 23.3 20.0  
Pr>F NS NS NS NS  
      
Chlorophyll index (SPAD)    
Control - - 47.8 45.6  
Zinc sulfate - - 48.0 45.4  
Zn-EDTA - - 47.5 44.7  
Pr>F   NS NS  
X data not taken 
NS, *, **Non-significant or significant at P ≤ 0.05, or 0.01, respectively 
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Table 4. Effect of soil Zn application on yield and alternate bearing of 'Wichita' pecan 
trees 
Zn source 2005 2006 2007 2008  
      
Yield of nut (Kg·ha-1    Cumulative 
Control 3789 1297 3415 1693 10195 
Zinc sulfate 3935 1141 3422 1688 10187 
Zn-EDTA 3415 1382 3932 1928 10658 
Pr>F NS NS NS NS NS 
      
Cumulative alternate bearing intensity %    
Control - 49 46 43  
Zinc sulfate - 45 51 46  
Zn-EDTA - 52 44 44  
Pr>F  NS NS NS  
      
Nut Yield efficiency (g·cm-2)   Cumulative 
Control 73 25 57 42 151 
Zinc sulfate 75 22 57 45 154 
Zn-EDTA 69 28 69 41 166 
Pr>F NS NS NS NS NS 
      
Yield of kernel (kg ha-1)    Cumulative 
Control 2079 692 2127 1071 5902 
Zinc sulfate 2077 612 2160 1061 5916 
Zn-EDTA 2411 719 2498 1221 6270 
Pr>F NS NS NS NS NS 
      
1 data not taken 
NS, *, **Nonsignificant or significant at P ≤ 0.05, or 0.01, respectively 
 



 135

 Table 5. Effect of soil Zn fertilization on nut quality of 'Wichita' pecan trees 
Zn source 2005 2006 2007 2008 
     
Kernel (%)    
Control 62.3 61.5 62.0 63.3 
Zn sulfate 62.5 62.3 63.2 62.8 
Zn-EDTA 62.4 61.2 63.6 63.4 
Pr>F NS NS NS NS 
     
Nut weight (g)   
Control 8.0 8.2 7.8 7.2 
Zinc sulfate 8.1 8.1 8.4 7.4 
Zn-EDTA 7.9 7.7 8.0 7.0 
Pr>F NS NS NS NS 
     
Vivipary (%)   
Control 8.3 6.0 7.3 2.6 
Zinc sulfate 11.0 8.4 9.2 4.4 
Zn-EDTA 7.0 6.5 6.4 3.7 
Pr>F NS NS NS NS 
     
Sticktights (%)     
Control 6.5 9.6 3.3 4.4 
Zinc sulfate 4.3 7.1 2.6 3.9 
Zn-EDTA 7.0 11.2 4.5 3.7 
Pr>F NS NS NS NS 
     
NS, *, **Nonsignificant or significant at P ≤ 0.05, or 0.01, respectively 
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 Table 6. Effect of soil Zn fertilization on leaf mineral composition of adult pecan 
'Wichita' pecan trees (July leaf Samples, dry matter) 
Treatment N P K Ca Mg S  Fe Zn Cu Mn B 
2005 

g·kg-1
 

mg·Kg-1

Control 25.0 0.9 10.8 13.8 3.1 1.9  58.5 15 4.6 262 112 
Sulfate 25.0 1.0 11.8 14.8 3.2 2.0  75 22 5.2 290 125 
EDTA 24.0 0.9 11.0 13.8 3.1 2.0  66 20 4.7 265 112 
Pr>F NS NS NS NS NS NS  NS NS NS NS NS 
 -            
2006            
Control 26.5 1.2 11.5 22.0 4.5 2.5  81 33 14.8 298 109 
Sulfate 27.3 1.1 11.5 21.3 4.4 2.5  86 34 14.8 295 109 
EDTA 27.3 1.1 11.5 20.0 4.3 2.5  88 38 15.5 255 99 
Pr>F NS NS NS NS NS NS  NS NS NS * NS9 
LSD0.05          42  
            
2007            
Control 24.7 1.2 12.6 25.5 5.4 3.0  76 39 9.6 275 98 
Sulfate 24.4 1.2 12.9 26.2 5.3 2.8  71 32 9.0 281 100 
EDTA 24.3 1.2 12.9 24.8 5.6 3.0  76 42 9.8 246 98 
Pr>F NS NS NS NS NS NS  NS NS NS * NS 
LSD0.05          27  
            
2008            
Control 22.0 1.1 13.5 24.3 4.9 2.0  86 44 8.7 267 98 
Sulfate 21.5 1.0 13.0 24.0 4.6 2.0  98 48 8.5 247 105 
EDTA 21.3 1.0 13.5 24.0 4.8 2.0  90 58 8.5 210 106 
Pr>F NS NS NS NS NS NS  NS NS NS NS NS 
             
NS, *, **Nonsignificant or significant at P ≤ 0.05, or 0.01, respectively 
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Manure and Soil Zinc application to ‘Wichita’ Pecan Trees Growing under Alkaline 

Conditions 

 

Abstract. 

The effect of manure or combined manure and Zn application on Zn uptake, 

mineral composition, and yield and nut quality in pecan trees [Carya illinoinensis. 

(Wangenh.) C. Koch] were evaluated. In 2006 treatments evaluated were: Manure (12 ton 

ha-1; M), manure plus Zn (12 ton ha-1 plus 129 kg of Zn·ha-1 as ZnSO4; MZ), and an 

untreated Control. During 2007, two more treatments were added with doubled manure 

and Zn rates. New treatments were manure 2X (24 ton ha-1; M2) and manure 2X plus Zn 

2X (24 ton ha-1 plus 258 kg Zn as ZnSO4; M2Z2). Manure was broadcast on the soil in a 

2.5 m wide band 2 m from the trunk. Zinc sulfate was broadcast over the manure, and 

then manure and Zn were disked into the top 10 cm of soil.  In 2008, in five of nine 

sampling dates significant treatment effects were detected on leaf Zn concentrations. On 

all of the dates, M2N2 had the highest foliar Zn levels. During the summer 2008 (July 17) 

foliar Zn in M2N2 treatment reached 66 µg·g-1; the control treatment level was 45 µg·g-1. 

Nut yields were higher in treatments receiving manure, with or without Zn in the first 

year, and highest in the untreated control the second year. No differences were observed 

in trunk growth, leaf area, leaf weight and nut growth. Kernel percentages were over 61.4 

in the three years of study in all treatments. Biggest differences among treatments in nut 

size were found in 2007; nut weight in Control treatment was 7.5 g per nut and in M was 

8.0 g per nut. Nut weight was smaller during 2008 when nut yield was high, and the 
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untreated control nuts were smaller than those from treated trees. The manure and manure 

plus Zn treatments increased foliar Zn levels in pecan trees after three years of annual 

applications. In 2008, significant differences in leaflet Zn concentration among 

treatments were detected, with M2Z2 having the highest concentrations.   
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Introduction 

Pecan trees growing in alkaline and calcareous soils are prone to Zn deficiency 

(Malstrom and Fenn, 1981; Payne and Sparks, 1982; Smith et al., 1980). Soluble Zn 

compounds such as Zn sulfate applied to alkaline soil react with hydroxides and 

carbonates and are converted to compounds unavailable to plants (Essington, 2003; 

Lindsay, 1972; Sadiq, 1991; Udo et al., 1970). Acidification using large quantities of 

strong acids such as sulfuric acid can increase Zn uptake by pecan (Fenn et al., 1990). 

Acid-forming compounds such as S and organic matter can increase Zn availability 

(Essington, 2003). Humic acids can also complex metals, including Zn, increasing 

mobility and solubility in calcareous soil (Bunluesin et al., 2006; Chien et al., 2006; 

Ozkutlu et al., 2006). Addition of manure, S, and Zn can decrease rosette symptoms 

caused by Zn deficiency in pecans growing in heavy textured alkaline soils (Alben and 

Hammer, 1944).  Fertilization of alkaline soils with Zn, in combination with sulfuric acid, 

was evaluated by acidifying a shallow trench making up less than 1% of the effective root 

zone of a mature Texas pecan trees by applying a mixture of 9 kg ZnSO4 and 113 L of 

36N H2SO4·tree-1. Leaf Zn did not change in the first three years, but four years after 

application leaves of the treated trees contained 54 µg·g-1 Zn versus 39 µg·g-1 in the 

untreated control. After 9 years leaf Zn levels were 58 and 45 µg·g-1 for treated and 

untreated trees, respectively, and 56 µg·g-1 in trees receiving ZnSO4 alone. Soil pH was 

decreased to a depth of 60 cm, however roots did not grow into the acidified soil 

proliferating instead at the interface of the acidified and calcareous soil (Fenn et al., 

1990).  
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Increased soil organic carbon increased levels of DTPA-extractable Zn in tropical 

desert soils in Nigeria; DTPA-extractable Zn rose 0.17 mg.kg-1 with each percent increase 

in soil organic matter (Agbenin, 2003). It is not surprising then, that addition of organic 

matter to soil can increase Zn levels and plant growth in annual plants such as rice, 

sorghum, and soybean (Battacharyya. et al., 2006; Pinto et al., 2004; Warwick et al., 

1998; Zheljazkov and Warman, 2004).  Even without incorporation into the soil, use of 

organic mulch at planting increased the trunk cross sectional area (TCSA) in young 

'Desirable' pecan trees. After three years TCSA was 31 cm2 in untreated trees versus 30 

cm2 in trees with 10 cm of mulch applied to the soil surface (Foshee et al., 1996). In 

another study, incorporation of pecan pruning wood chips into the soil improved soil tilth 

and aggregation, and increased volumetric water content 20 days after irrigation(Tahboub 

et al., 2008) while not affecting N, P and K availability (Tahboub et al., 2007).  

Increased use of animal manure in pecan orchards has recently accompanied a 

shift toward “organic” production.  The purpose of the manure applications is primarily 

as the main source of N in this production system.  The relatively large quantities of 

manure used for this purpose (approximately 5 to 7 Mt/ha) might reasonably be expected 

to have an impact on levels of soil organic matter, and metal solubility and 

bioavailability.  Manure fortified with supplemental Zn might provide additional 

available Zn for trees growing in calcareous soils. 

Zinc uptake and pecan tree performance was studied after the application of 

manure alone or in combination with Zn sulfate. The purpose of this study was to 

determine the effect of the addition of manure Zn on uptake, growth, yield, and nut 
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quality of pecan tree growing under alkaline and calcareous conditions, and to ascertain 

whether these effects can be enhanced by providing extra Zn with applied manure. 

 

Materials and Methods 

A field study was conducted in a commercial pecan orchard in southeast Arizona (lat. 

31º55’01.25” N, long. 110º57’27.56”, elevation 844 m) on 'Wichita' pecan trees (7 years 

old) from May 2005 to December 2008. The soil in the orchard is a calcareous Pima clay 

loam with a soil pH of 7.6 (fine silty, mixed, thermic Typic torrifluvents). This alluvial 

soil is classified as thermic and semiarid, with mean annual soil temperature from 15 to 

22 oC and the area has a mean annual precipitation between 25 to 40 cm (Hendricks, 

1985). Table 1 presents general soil characteristics of the orchard site at 0-30 cm depth.  

The soil is typical of many southwestern US soils and therefore many regional pecan 

orchards. Trees are planted in a square design and the space between trees is 9.15 m.  

Mowing was used to keep the soil clean of weeds during growing seasons. Trees were 

flood irrigated twice each month from April to October. A total of 1.50 m of water depth 

was applied each year.  Standard chemical methods were initially used to control aphids, 

but in 2007 the orchard was converted to ‘organic’ production and pest control methods 

were changed accordingly. During the winter of 2006-2007 trees in the buffer rows 

between experimental plot rows were mechanically hedge pruned.  In the winter of 2007-

2008 trees in treatment rows were also hedged. Trees were hedged 3 m from each side of 

the trunk and 9 m high. Lateral hedge pruning had an inclination of 5ºfrom the vertical 

toward the trunk with the top pruned at an angle of 160º. 
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In 2006 treatments evaluated were: Manure (a blend of cow and horse manure at 

12 ton ha-1) (M1), manure plus Zn (12 ton ha-1 of manure plus 129 kg of Zn·ha-1 as 

ZnSO4) (M1Z1), and an untreated control. During 2007, two more treatments were 

added, doubling the manure and Zn rates. Additional treatments were manure at 24 ton 

ha-1 (M2) and manure 2x plus Zn 2x (24 ton ha-1 plus 258 kg Zn·ha-1 as ZnSO4) (M2Z2). 

Manure was broadcast on the soil in a 2.5 m wide band beginning 2 m from the trunk. 

Zinc sulfate was broadcast over the manure. All plots were disked to mix the top 10 cm 

of soil. Manure had a pH of 7.8 and an ECe of 4.0, and contained about 0.84% N, 0.18% 

P2O5, 1.19% K2O. Treatments were replicated four times in a randomized complete block 

design. Each plot consisted of one row containing 15 trees.  Leaf samples and growth 

measurements were collected from the 11 central trees in each plot row. Experimental 

plot rows were each separated by one buffer row. Data were analyzed using ANOVA 

with mean separation with Tukey’s test (SAS Institute, Cary, NC). 

Twenty four middle leaflet pairs located in the middle of the current year’s shoot 

growth were collected every two or three weeks from May to October for Zn analysis. 

These samples were collected from the branches on the lower part of the trees. Leaflet 

samples collected in late July were used for complete elemental analysis. Leaves were 

washed using the following routine: washed in phosphate-free soap, rinsed in tap water, 

rinsed in distilled water, and rinsed three times in deionized water.  Leaf samples were 

dried at 70 °C, and then ground in a mortar. During 2008 a rinse with hydrochloric acid 

(1% v/v) was added between the distilled water and deionized water rinses. Leaf tissue 

was ashed at 500 ºC for 5 hours, and then dissolved in 2.2 N hydrochloric acid. Complete 
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nutrient analysis was conducted on samples collected in late July or early August each 

year. Nitrogen was determined by Macro-Kjeldahl (Horowitz, 1980), P was determined 

colormetrically (Olsen and Sommers, 1982), and K, Ca, Mg, S, Fe, Zn, Cu, Mn by atomic 

absorption spectroscopy. 

Trunk circumference was measured at 20 cm above the ground in February 2007 

and February 2008.  Trunk cross sectional area (TCSA) was calculated from these 

measurements.  Leaflet growth and chlorophyll index were determined on a sample of 60 

leaflets collected in late July or early August. Chlorophyll index was obtained using a 

Konica Minolta SPAD 502 meter (Konica Minolta Sensing America Inc., New Jersey), 

by optical density difference at two wavelengths (650 and 940 nm). Chlorophyll 

readings were conducted on the middle part of the leaflet.    Leaflets were scanned on a 

flat bed scanner and leaflet area obtained using Scion Image software (Scion Corp., 

Frederick, Maryland). Leaves dried as described above were weighed. During late July or 

early August twenty middle pairs of leaflets were collected from the top half of the trees 

as described above for bottom part of the tree to compare leaf Zn, leaf area, and leaf 

weight in the top and bottom portions of the tree. 

During 2006, and 2007, nut yield and quality were determined. Yield was 

calculated by mechanically harvesting the complete experimental row. Alternate bearing 

intensity (I) was determined by the ratio between the absolute difference in yield with the 

sum of the yields of successive years, expressed as percentage (Pearce and Dobersek-

Urbanc, 1967), according to the next formula: 
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where: I= Altenate bearing intensity; n= total of years; and Y= year. Values are absolute 

numbers, and it is represented as percentage. 

A sample of harvested nuts used to determine meat yield, percent of good nuts, 

pre-germinated nuts (viviparous), and “stick-tights” nuts. “Stick-tights” are those fruit 

with shucks that do not separate from the shell at maturity; the shuck remains stuck to the 

shell after harvest and can not be separated completely. Yield efficiency was calculated 

as yield per square centimeter of TCSA. Kernel percent was determined by cracking ten 

nuts and separately weighing shell and kernel in each experimental plot. Weight per nut 

was calculated from the number of nuts in a 1 kg sample. 

 

Results 

Leaflet Zn concentration was not affected during the first year of study in 2006 

(Table 2). Significant differences were found in July 2007 with the control having the 

highest foliar Zn level. In 2008, in eight of the nine leaf samplings dates, significant 

effects were detected. On all of these sampling dates, trees in the M2Z2 treatment had the 

highest foliar Zn levels. During the summer of 2008 (July 17), in this treatment foliar Zn 

reached 66 mg.kg-1 and the control treatment had 45 mg.kg-1.  Only the M2 treatment had 

lower foliar Zn levels than the control. In 2007 no significant differences were found in 

foliar Zn between the bottom and top sections of the trees, but in 2008 leaflets from the 

top had significantly lower values than the bottom leaflets.  
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Zinc treatments did not affect trunk cross sectional area (TCSA), leaflet size and weight, 

and chlorophyll index (Table 3). Neither TCSA nor its increase in two consecutive years 

was affected by treatments.  

Due to heavy rains it was not possible to sample leaflets in the top part of the trees 

in 2006. In 2007 and 2008 specific leaflet areas from the top and bottom parts of the trees 

were not affected by manure or Zn applications. During 2007 bottom-level leaflet area 

was significantly greater than in the top part of the tree in all treatments with the 

exception of the untreated control where top leaflets were significantly larger than bottom 

leaflets. A similar relationship was noted for leaflet weights. In 2007 bottom leaflets from 

treatments M1Z1 and control were significantly heavier than top leaflets. In 2008, top 

leaflets were significantly heavier than bottom leaflets in all treatments because trees 

were hedged and topped previously. Chlorophyll index varied from 46.5 to 47.3 in 2007 

and from 46.8 to 45.4 in 2008. Manure treatments had the highest values but differences 

were not significant. 

Yield of whole nuts and meat were affected by applied treatments (Table 4). In 

2006 both treatments receiving manure out-yielded the control treatment, but differences 

were not significant.  In contrast, in 2007 the highest yield of nuts was obtained in the 

control treatment (3852 kg·ha-1), whereas other treatments had yields between 2891 to 

3010 kg·ha-1. In 2008, the control treatment had the lowest yield, and it was significantly 

different than M2Z2 which had the highest yield. Kernel yields and yield efficiency 

reflected overall yields.  Differences in cumulative yields and cumulative efficiency were 

not significantly different, although control plots ranked highest in both. Alternate 
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bearing intensity ranged from 15 to 73%.  The control treatment had the highest alternate 

bearing intensity, but differences were not significant. 

Nut filling was not affected by treatments but nut weight was (Table 5). Nut fill 

was excellent both years, over 61% in 2006 and over 62% in 2007 and 2008. Nut weight 

was larger during 2006, when nut harvest was small. In 2007 nuts from the control 

treatments were lighter than nuts from other treatments, but differences were not 

significant. 

The percentage of nuts exhibiting vivipary and the percentage of stick-tights were 

not affected by treatments (Table 5). The percentage of pre-germinated (viviparous) nuts 

percent ranged from 6.0 to 12.7.  Values were highest in 2007. Sticktight percentages 

varied from 3.2 to 8.8%, and the highest values occurred in 2006, year of low nut 

production. 

Leaf mineral composition of pecans was not affected by manure or Zn 

applications in the first year of study but was affected during 2007 and 2008 (Table 6). In 

2007 leaflet K levels were higher in the control and M1Z1 treatments. In 2008, two years 

after the start of the study, significant differences were found in foliar Ca and Mg 

concentrations, which were highest in manure and manure plus Zn treatments. The 

control treatment had foliar Ca and Mg concentrations 2.18% and 0.42%, respectively, 

compared to 2.58% and 0.49% in the M1Z1 treatment. 
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Discussion 

The relatively low concentrations of foliar Zn during 2006 and 2007 did not cause 

visible deficiency symptoms in ‘Wichita’ pecan trees. Foliar Zn concentration ranged 

from 20 to 24, 33 to 44, and 46 to 62 ppm during 2006, 2007, and 2008, respectively. 

Leaflet Zn concentrations generally were below the widely accepted critical level of 50 

µg·g-1 (Sparks, 1993; Sparks, 1994; Wood, 2007) during the first two years of the study. 

These low levels of Zn apparently did not affect fruit set, yield or quality of pecans in 

2007 as a large crop with very high quality was produced.   

In Georgia, high yielding pecans (> 58 kg nuts per tree) had an average of 126 

µg·g-1 of Zn in leaves (Beverly and Worley, 1992), in Mexico 65 µg·g-1 (Medina, 2004), 

and in the southwest US 174 µg·g-1 (Pond et al., 2006). Zinc critical levels had been 

established for pecans ranging from 20 to 60 µg·g-1, and several authors have noticed no 

difference in tree growth development within this range (Lane et al., 1965; Obarr et al., 

1978; Sparks, 1976; Storey et al., 1971; Worley et al., 1972). Seedlings of 'Curtis' grown 

in nutrient solution without Zn had 24 to 37 µg·g-1 and seedlings showed mild Zn 

deficiency symptoms (Sparks, 1978). Pecans grown in sand culture under hydroponic 

conditions with a nutrient solution without Zn had intervenial necrosis in leaves with 7.2 

µg·g-1, mottling at 9.8 µg·g-1, and no symptoms in leaves with 11.2 µg·g-1 (Kim et al., 

2002).  Thus a critical level of 50 µg·g-1 is probably excessive.  

Differences between leaflet area and weight may be due to hedging. In 2007 

buffer rows were pruned so leaves from the bottom of the trees in adjacent experimental 

rows received more light. In 2008, after winter hedging the top parts of the trees had 
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greater growth than previous years. Size of leaflets in this study were larger than those 

reported from ‘Choctaw’ pecan trees in spring flush shoots growing in Georgia, where 

leaflets had 18.5 cm2·leaflet (Andersen and Brodbeck, 1988).  

Published data regarding chlorophyll indices of pecan leaves are lacking, but it is 

known that leaf chlorophyll content, stomatal conductance and net photosynthesis are all 

positively related to leaf Zn concentration (Hu and Sparks, 1991).  Because the nut yield 

and quality from the trees in this study were relatively good, chlorophyll indices from 

these trees may be considered to represent acceptable readings for established 'Wichita' 

pecan trees in the irrigated southwestern United States. In several other crops a SPAD 

index reading of 50 to 52  represented chlorophyll concentrations of 4 to 5 mg of total 

chlorophyll per g of (fresh weight) leaf (Uddling et al., 2007). Thus, in our study 1 g of 

fresh leaflet was estimated to have contained approximately 4 to 5 mg of chlorophyll. For 

comparison, healthy fresh ‘Mohawk’ leaflet had 185 mg chlorophyll per leaflet 

(Andersen and Brodbeck, 1988). Hu and Sparks (1991) found that ‘Mohawk’ fresh 

leaflets of normal seedlings contained 3.2 mg of chlorophyll·g-1 fresh leaves.  

Yield was very low in 2006 but quite high in 2007.  High nut yield coupled with 

low foliar Zn levels in 2007 suggests that the critical level of 50 µg·g-1 may be too high.  

The fact that the highest yield in 2007 was in the control treatment could be a result of the 

very low yield in this treatment the previous year. This is apparent from the alternate 

bearing intensity percent which is very high for this treatment (although not significantly 

different than other treatments). In other studies ‘Wichita’ pecans have had lower 
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alternate bearing intensities than those we observed in the control plots (Conner and 

Worley, 2000; Nunez, 2001). 

A higher incidence of vivipary in 2007 than in 2006 could be due to stress caused 

by the high crop load in 2007. In a previous study conducted in Arizona it was reported 

that ‘Wichita’ exhibited increased vivipary when large crop load was present (Kilby and 

Gibson, 2000). 

Manure and Zn affected foliar Zn levels in the plant. These results agree with 

various research with other crops: rice (Battacharyya. et al., 2006); sorghum (Pinto et al., 

2004); basil, chard, dill, and peppermint (Zheljazkov and Warman, 2004). Additionally, 

foliar Zn concentrations have also been increasing in control treatment since the 

beginning of the study. Possible explanations for this may be related to conversion of this 

orchard to ‘organic’ production, and a change from a traditional tillage system for 

eliminating weeds to mowing. A qualitative increase in activity of earthworms has been 

observed.  Also, mycorrhizae activity is now apparent, and fruiting bodies of 

ectomycorrhizal Pisolithus tinctorius and Scleroderma bovista are now found in the 

orchard. Mycorrhizae can have a profound effect on uptake of soil-immobile nutrients 

such as Zn (Sharpe and Marx, 1986). A proliferation of feeder roots has been noted in the 

surface soil and in the leaf litter.  

Application of manure and particularly manure plus Zn increased foliar Zn levels 

in pecan trees after two years of annual applications. Additional research on the effects of 

manure on Zn behavior would help provide understanding concerning the processes 

involved and management practices to enhance Zn uptake by pecan trees.   
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Table 1. Orchard soil characteristics at the beginning of the study 
Soil test Method Units Value 
pH Saturated paste SU 7.5 
Electrical Conductivity Saturated pste dS·m-1 0.44 
Calcium NH4OAc (pH 8.5) mg·kg-1 4000 
Magnesium NH4OAc (pH 8.5) mg·kg-1 310 
Potassium NH4OAc (pH 8.5) mg·kg-1 510 
Zinc DTPA mg·kg-1 3.2 
Iron DTPA mg·kg-1 5.1 
Manganese DTPA mg·kg-1 9.4 
Copper DTPA mg·kg-1 2.4 
Nickel DTPA mg·kg-1 0.12 
NO3-N Cd reduction mg·kg-1 8.8 
PO4-P Olsen mg·kg-1 9.0 
SO4-S Hot water mg·kg-1 22 
Boron Hot water mg·kg-1 0.28 
Free lime Effervescence  High 
Exch. Sodium Perc. (ESP) Calculated % 1.8 
Cation Exchange Capacity 
(CEC) 

Calculated meq·100 g 24.3 



 156

Table 2. Effect of manure and Zn application on Foliar Zn concentration during the 
growing season in ‘Wichita’ pecan trees (µg·g-1 dry weight) 
TreatmentZ     2006       
 5/9 6/1  6/20 7/11 7/27 8/11 8/29 9/21 Avg.  
M1 42 36  33 36 30 24 22 27 29  
M1Z1 40 34  29 34 26 20 22 24 31  
Control 44 39  33 37 27 23 24 27 32  
Pr>F NSY NS  NS NS NS NS NS NS NS  
            
     2007       
 5/3 5/22 6/7 6/21 7/10 7/26 8/14 9/5 10/2 Avg. Top  
M1 37 43 44 37 32 ab 30 33 27 26 34 32 
M1Z1 40 42 40 32 30 a 29 36 30 20 34 33 
M2 42 41 37 32 30 a 29 44 27 22 34 29 
M2Z2 48 43 43 34 34 ab 37 40 35 26 38 38 
Control 44 44 43 33 37 b 30 42 29 28 37 35 
Pr>F NS NS NS NS ** NS NS NS NS NS NS 
            
     2008       
 5/15 5/30 6/14 7/2 7/17 7/30 8/14 9/3 9/20 Avg. Top 
M1 58 abc 57 ab 37 ab 52 61 ab 67 ab 55 ab 48 ab 46 ab 54 bc 38 a 
M1Z1 61 abc 55 ab 37 ab 60 58 ab 63 ab 55 ab 50 ab 54 b 53 b 43 bc 
M2 47 a 50 ab 29 ab 38 44 a 50 a 46 a 40 a 41 a 41 a 29 a 
M2Z2 72  c 64 b 47 b 54 66 b 86 b 62 b 58 b 60 bc 62 c 45 c 
Control 48 ab 48 a 35 a 55 45 a 75 ab 49 ab 50 ab 46 ab 49 ab 34 ab 
Pr>F *** ** ** NS ** * * ** ** *** ** 
            
z M1 = manure 12 ton·ha-1, M2= manure 24 ton·ha-1, Z1= 129 kg Zn as ZnSO4, Z2= 258 kg Zn 

as ZnSO4.. (Manure had a pH of 7.8 and an ECe of 4.0, and contained about 0.84% N, 0.18 
P2O5, 1.19 K2O) 

Y NS, *, **; Not significant, significant (Pr>F = 0.05), and highly significant (Pr>F = 0.01). 
x Means followed by different letters are different at P= 0.05 through analysis of variance testing 
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Table 3. Effect of manure and Zn application on growth parameters in 'Wichita' pecan 
trees  
Treatmentsz 2006 2007 2008  
     
Trunk cross sectional area (cm2·ha-1)  Increase (2007-2008) 
M1 387.4 456.8 514.2 58.3 
M1Z1 393.7 447.5 544.5 97.0 
M2  417.1 480.7 63.6 
M2Z2  403.3 466.5 63.2 
Control 354.6 405.7 482.2 76.5 
Pr>F NSy NS NS NS 
     
Leaflet area bottom (cm2)    
M1 23.2 31.4 20.4  
M1Z1 23.7 32.7 20.4  
M2  29.9 19.9  
M2Z2  30.0 20.3  
Control 22.4 30.1 21.8  
Pr>F NS NS NS  
     
Leaflet area top (cm2)   
M1  23.0 26.5  
M1Z1  22.3 24.3  
M2  21.9 24.7  
M2Z2  21.4 25.9  
Control  20.7 22.5  
Pr>F  0.895 0.44  
  NS NS  
Leaflet weight bottom (g)   
M1  0.253 0.139  
M1Z1  0.275 0.130  
M2  0.247 0.125  
M2Z2  0.235 0.136  
Control  0.265 0.129  
Pr>F  NS NS  
     
Leaflet weight top (g)    
M1  0.224 0.223  
M1Z1  0.221 0.208  
M2  0.217 0.212  
M2Z2  0.217 0.234  
Control  0.193 0.195  
Pr>F  NS NS  
     
Chlorophyll index (SPADS)    
M1x  46.5 45.4  
M1x Zn1x  46.5 44.4  
M2x  47.1 44.9  
M2x Zn2x  47.3 45.1  
Control  46.5 43.8  
Pr>F  NS NS  
z M1 = manure 12 ton·ha-1, M2= manure 24 ton·ha-1, Z1= 129 kg Zn as ZnSO4, Z2= 258 kg Zn 

as ZnSO4.. (Manure had a pH of 7.8 and an ECe of 4.0, and contained about 0.84% N, 0.18 
P2O5, 1.19 K2O) 

Y NS, *, **; Not significant, significant (Pr>F = 0.05), and highly significant (Pr>F = 0.01). 
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Table 4. Effect of manure and Zn application on yield of nut and meat of 'Wichita' pecan 
trees 
Treatmentz 2006 2007 2008 
    
Yield of nut (kg·ha-1)   
M1 863 2993 ab x 1844 b 
M1Z1 850 2891 ab 1676 ab 
M2  3086 ab 1567 ab 
M2Z2  2910 a 2154 b 
Control 597 3852 b 745 a 
Pr>F NS * * 
    
Nut Yield efficiency (g·cm-2)  
M1 19.0 56.1 ab 29.9 ab 
M1Z1 18.0 54.1 a 26.2 ab 
M2  62.3 ab 26.9 ab 
M2Z2  61.1 ab 37.9 b 
Control 14.0 80.6 b 12.8 a 
Pr>F NS * * 
    
Yield of kernel (kg.ha-1)  
M1 467 1904 ab 1155 ab 
M1Z1 448 1794 ab 1042 ab 
M2  1960 ab 988 ab 
M2Z2  1843 a 1363 b 
Control 322 2417 b 473 a 
Pr>F NS * * 
LSD0.05  583 747 
    
Alternate bearing intensity % 2006-2007 2007-2008 
M1  55 24 ab 
M1Z1  53 27 ab 
M2   32 ab 
M2Z2   15 a 
Control  73 67 b 
Pr>F  NS ** 
    
z M1 = manure 12 ton·ha-1, M2= manure 24 ton·ha-1, Z1= 129 kg Zn as ZnSO4, Z2= 258 kg Zn 

as ZnSO4.. (Manure had a pH of 7.8 and an ECe of 4.0, and contained about 0.84% N, 0.18 
P2O5, 1.19 K2O) 

y NS, *, **; Not significant, significant (Pr>F = 0.05), and highly significant (Pr>F = 0.01). 
x Means followed by different letters are different at P= 0.05 through analysis of variance testing 
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 Table 5. Effect of manure and Zn application on nut quality of adult 'Wichita' pecan trees 
Treatmentz 2006 2007 2008 
    
Nut filling (kernel %)   
M1 61.9 63.6 62.7 
M1Z1 61.4 62.2 62.2 
M2  63.3 62.8 
M2Z2  63.3 63.3 
Control 61.6 62.8 63.5 
Pr>F NSy NS NS 
    
Nut weight (g)  
M1 8.7 8.0 7.3 
M1Z1 8.2 7.4 7.0 
M2  7.7 7.0 
M2Z2  7.9 7.2 
Control 8.6 7.5 7.2 
Pr>F NS NS NS 
    
Vivipary (%)  
M1 6.1 8.7 3.3 
M1Z1 8.8 12.0 4.2 
M2  11.4 3.6 
M2Z2  11.2 3.8 
Control 6.0 12.7 3.8 
Pr>F NS NS NS 
    
Sticktights (%)    
M1 8.8 4.8 4.9 
M1Z1 7.3 4.8 3.7 
M2  4.0 4.4 
M2Z2  5.4 3.2 
Control 8.2 3.2 4.3 
Pr>F NS NS NS 
    
z M1 = manure 12 ton·ha-1, M2= manure 24 ton·ha-1, Z1= 129 kg Zn as ZnSO4, Z2= 258 kg Zn 

as ZnSO4.. (Manure had a pH of 7.8 and an ECe of 4.0, and contained about 0.84% N, 0.18 
P2O5, 1.19 K2O) 

y NS, *, **; Not significant, significant (Pr>F = 0.05), and highly significant (Pr>F = 0.01). 
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Table 6. Effect of manure and Zn application on mineral composition of pecan 'Wichita' 
trees 
Treatmentz N P K Ca Mg S  Fe Cu Mn B 
 
2006 

g·kg-1 

 
 mg·kg-1 

 
M15 27.2 1.0 12.2 21.5 4.2 2.5  74 13 307 118 
M1Z1 27.0 0.9 11.5 20.5 4.0 2.4  78 12 312 118 
Control 27.0 1.0 12.0 19.0 3.6 2.4  70 12 300 115 
Pr>F NSy NS NS NS NS NS  NS NS NS NS 
            
            
            
2007            
M1 26.6 1.2 10.6 ab 24.6 5.3 3.3  141 11.8 232 108 
M1Z1 24.7 1.2 12.2 b 26.0 5.2 3.3  87 12.6 355 104 
M2 22.8 1.1 10.5 a 24.3 5.2 3.5  77 11.0 340 99 
M2Z2 24.9 1.2 11.4 a 23.3 4.8 3.8  91 12.5 301 104 
Control 24.8 1.2 12.2 b 2.6.2 5.3 3.4  78 12.3 334 104 
Pr>F NS NS * NS NS NS  NS NS NS NS 
            
2008            
M1 22.0 1.1 14.0 25.8 ab 4.9 b 2.0  108 8.8 265 108 
M1Z1 21.8 1.1 13.8 23.8 ab 4.3 a 2.0  104 8.3 307 102 
M2 20.8 1.0 14.0 23.0 ab 4.4 ab 1.9  100 4.4 257 98 
M2Z2 21.0 1.0 13.2 24.2 ab 4.5 ab 2.0  100 8.1 270 102 
Control 21.5 1.0 13.2 21.8 a 4.2 ab 1.9  98 7.7 245 102 
Pr>F NS NS NS ** * NS  NS NS NS NS 
            
z M1 = manure 12 ton·ha-1, M2= manure 24 ton·ha-1, Z1= 129 kg Zn as ZnSO4, Z2= 258 kg Zn 

as ZnSO4.. (Manure had a pH of 7.8 and an ECe of 4.0, and contained about 0.84% N, 0.18 
P2O5, 1.19 K2O) 

y NS, *, **; Not significant, significant (Pr>F = 0.05), and highly significant (Pr>F = 0.01). 
x LSD= Least Significant Difference with Tukey at 0.05 
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APPENDIX D 

SOIL ZINC FERTILIZATION IN ONE YEAR OLD POTTED ´WICHITA’ 

PECAN TREES IN ALKALINE SOIL 

 

Humberto Núñez Moreno, James L. Walworth, and Andrew P. Pond 
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Soil Zinc Fertilization in One Year Old Potted ´Wichita’ Pecan Trees in Alkaline 

Soil 

 

Abstract 

Pecan trees [Carya illinoinensis. (Wangenh.) C. Koch] are very sensitive to Zn 

deficiency when grown in alkaline soils due to the formation of insoluble Zn hydroxides 

and carbonates which have low availability to pecan roots. The use of Zn EDTA can 

increase Zn availability in alkaline and calcareous soils.  Organic matter decomposition 

releases acids that can complex metals, such as Zn, increasing their availability. This 

study was conducted to evaluate effects of soil application of various Zn sources and on 

potted pecan trees. One year old Wichita pecan trees were planted in 40 L containers on 

February 29, 2008. Treatments included an untreated control, soil-applied Zn sulfate, Zn 

EDTA, Zn Avail (dicarboxylic acid polymer resin), manure, manure plus Zn sulfate, and 

foliar applied Zn sulfate. The manure application rate was 11.4 ton·ha-1, and the Zn 

application rate was 74 kg Zn·ha-1 for each material. The foliar sprayed solution was 

ZnSO4 (0.24% w/v) plus urea ammonium nitrate (0.25% v/v). Soil treatments were 

applied once on April 4. Foliar sprays were applied every three weeks from April 4 to 

August 15. The experimental design used was a Latin Square with seven replications, 

with each tree comprising one plot. Data collected included plant growth, chlorophyll 

index, and leaf mineral composition. Sorption studies were conducted to determine the 

effect of Zn source (Zn sulfate, Zn EDTA, and Zn Avail) and organic matter on soil Zn 

adsorption. Plant growth was not affected significantly by treatments; however total 
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leaflet growth was higher in the Zn EDTA treatment with 30.6 g per plant versus 20.2 g 

per plant in the untreated control. Trees treated with Zn EDTA had the highest leaf Zn 

concentration (240 µg·g-1).  Foliar sprayed trees had foliar Zn levels about half that of 

trees treated with Zn EDTA. Soil adsorption isotherms showed that of the three fertilizers 

evaluated Zn sulfate was adsorbed most strongly by the soil (1.5 mg Zn·g-1 of soil). Soil 

adsorption from Zn EDTA solutions was insignificant. Zinc EDTA can increase soil Zn 

availability to pecans growing in alkaline, calcareous soils. 
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Introduction 

Zinc is considered one of the most influential nutrients affecting pecan yield and 

nut quality (Sparks, 1987; Storey et al., 1971; Storey et al., 1979). In areas with acidic 

soils, both soil fertilization and foliar sprays are commonly used to supply Zn to plants 

(Wood, 2007) whereas foliar sprays are standard in alkaline soils (Smith and Storey, 

1979; Smith et al., 1979). During the 1970’s and 1980´s a program of repeated foliar Zn 

sprays was developed in Texas (Storey and Anderson, 1970; Storey et al., 1974; Storey et 

al., 1973; Storey et al., 1971). This program consists of repeated sprays with Zn nitrate 

starting at early bud break (green tip stage), and then one, three, five, and eight weeks 

after initial treatment. This has become the standard method to supply Zn. This program 

requires the use of expensive and heavy equipment and over time can cause soil 

compaction from repeated trips through the orchard. In addition, spraying requires 

significant time and labor. Soil Zn application has been evaluated in alkaline soils with 

inconsistent results (Alben, 1962; Alben and Hammar, 1944; Payne and Sparks, 1982; 

Smith et al., 1980) and when it is effective, tree response can be delayed several years. 

Other methods, such direct injection of solids and solutions containing Zn into the trunk 

have been tested, but results have been inconsistent (Banin et al., 1980; Worley et al., 

1980). 

Soil application of soluble inorganic Zn salts, such as Zn sulfate, has low 

efficiency in high pH soils because Zn rapidly reacts with carbonates and hydroxyl 

groups forming compounds with low solubility that are unavailable to pecan roots 

(Agbenin, 2003; Lindsay, 1972; Udo et al., 1970). For this reason high rates of Zn 
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application may be required to attain adequate leaf Zn levels (Wood, 2007). Use of large 

quantities of strong acid in trenches 3 m from the trunk (11.3 ton of sulfuric acid·ha-1), 

decreased pH and increased Zn uptake by pecan but roots only proliferated at the 

interface of the acidified calcareous zone. Roots did not reenter the acidified soil, 

probably due to the high concentration of CaSO4 produced (Fenn et al., 1990). Acid-

forming compounds, such as S and N fertilizers, are not effective at rates typically used 

in pecans. Chelates, organic compounds that complex metals with coordinated bonds, 

reduce reactions of the metal with soil ligands such as OH- and CO3
2-. Effectiveness of 

the chelate depends on the stability of the metal-chelate complex. Zinc chelates with the 

highest stability under calcareous soils are HEDTA, DTPA and EDTA (Norvell, 1991). 

One unpublished report suggests that applying Zn EDTA through a drip irrigation system 

increases leaflet Zn in commercial pecan trees (Lindsey and Condra, undated). 

Some synthetic resins such as Avail, a dicarboxylic acid copolymer resin-P 

complex (Avail, J.R. Simplot Company, Boise, ID) can sorbs Ca, and are used to reduce 

soil P retention (Tyndall, 2007).  The ability of Avail to adsorb cations might be used to 

create a slow-release nutrient source.  The effectiveness fertilizers made from 

micronutrient-charged forms of these materials has not been studied,  

Organic matter decomposition produces humic acids that can complex metals, 

increasing mobility and solubility in calcareous soils (Bunluesin et al., 2006; Chien et al., 

2006; Ozkutlu et al., 2006). Organic amendments increase Zn availability (Agbenin, 

2003; Bhattacharyya et al., 2006; Ozkutlu et al., 2006). Amending soils with organic 

compounds (Karaka, 2004; Pinto et al., 2004) or chelates (Norvell, 1991) can reduce Zn 
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adsorption or precipitation.  Increased levels of soil organic carbon increased DTPA-

extractable Zn in tropical desert soils in Nigeria (Agbenin, 2003). There was an increase 

of 0.17 mg kg-1 of DTPA extractable Zn for each percent increase of soil organic matter 

in the soil.  Addition of manure, S, and Zn decreased rosette symptoms caused by Zn 

deficiency in pecans growing under heavy textured alkaline soils (Alben and Hammer, 

1944), although treatment responses were not attributable to any one of the added 

materials. 

Efficiency of soil Zn fertilization in alkaline and calcareous soils depends on 

adsorption capacity of the soils. In calcareous soils, carbonates and hydroxyls are the 

most important Zn adsorbants (Essington, 2003; Lindsay, 1972; Sadiq, 1991; Udo et al., 

1970).  Low availability can be due both to Zn adsorption by carbonates (Udo et al., 

1970), and precipitation as Zn carbonates or hydroxides (Lindsay, 1972; Lindsay, 1979).  

Sorption studies are important to determine the ability of soil to adsorb ions in solution. 

Either Freundlich or Langmuir adsorption isotherms can be used to estimate adsorption 

characteristics of Zn by calcareous soils (Reyhanitabar et al., 2007).  

The goal of this study was to compare foliar Zn sprays to Zn amendments added 

directly to a calcareous soil.  Soil amendments included Zn-EDTA, Zn sulfate with 

animal manure, Zn sulfate alone, and Zn Avail. An additional study was conducted to 

determine the adsorptive capacity of the soil for Zn from these sources. 
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Materials and Methods 

One year old ‘Wichita’ trees budded on three year old VC-168 rootstock were 

planted in 40 L pots. The main root was pruned back to 0.5 m of length before planting. 

Pima Soil (loamy, mixed, active, calcareous, thermic, typic torrifluvent) was collected 

from a pecan orchard located in Sahuarita, Arizona to be used as potting media. The soil 

had a clay loam texture with a soil pH of 7.6 and highly calcareous. The climate is 

thermic and semiarid with mean annual soil temperature from 15 to 22oC,  with a mean 

annual precipitation from 25 to 40 cm (Hendricks, 1985).  Table 1 presents general soil 

characteristics of the orchard site at 0-30 cm depth.  The soil is typical of many 

southwestern US soils and therefore many regional pecan orchards. The soil was passed 

through a #2 sieve before planting. Trees were planted on March 15, 2008, and then 

irrigated to saturation. 

Seven treatments were applied; control, Zn sulfate (36% Zn), Zn EDTA (9% Zn), 

Zn Avail (8% Zn), manure 0.84 N-0.18 P2O5 -1.19 K2O), manure plus Zn sulfate, and 

foliar-applied Zn sulfate. The manure application rate was 11.4 ton·ha-1, and soil Zn rate 

was 74 kg Zn·ha-1 for all Zn carriers. Actual amounts of materials applied were: Zn 

sulfate, 2.16 g; Zn EDTA, 8.66 ml; Zn Avail, 9.75 ml; manure, 119 g; manure (119 g) 

plus Zn sulfate (2.16 g). The solution sprayed in the foliar applied treatment was ZnSO4 

(0.24% w/v) plus UAN 32 (0.25% v/v). Soil treatments were applied on April 4, 2008. 

Manure and manure plus Zn treatments were applied to the surface of the soil and mixed 

into the top 10 cm. Zn sulfate, Zn EDTA, and Zn Avail were applied in the bottom of 

four 18 cm deep holes. The holes were 2 cm diameter and were backfilled after fertilizer 
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application.  Foliar applications were applied on April 4, April 15, May 2, May 13, June 

3, June 24, and July 17. Sprays were done using a manual 1.5 L sprayer. To prevent over-

spray, treated trees were covered completely during spraying to isolate them from the 

other trees. 

To avoid sun damage, a shade structure was constructed over the trees. 

Treatments were replicated seven times, with a single tree comprising each experimental 

plot. Replications and treatments were arranged in a Latin Square experimental design to 

minimize influence of shadow and light on trees. Two grams per pot of a granular 

fertilizer (36-6-6) was applied monthly from May to August to soil surface and 

incorporated with water. Nitrogen and phosphorus were in form of urea and ammonium 

phosphate, and potassium in the form of potassium nitrate. The fertilizer also contained 

0.325 % of Fe-EDTA. 

On July 28 fifteen pairs of leaflets were collected from each tree using standard 

sampling protocol (Herrera, 2000; O'Barr and McBride, 1980). Leaflet area was 

determined by scanning leaflets on a flat bed scanner and processing the images with 

Scion Image (Scion Corp., Frederick, Maryland). Chlorophyll index was obtained using a 

Konica Minolta SPAD 502 meter (Konica Minolta Sensing America Inc., New Jersey), 

by optical density difference at two wavelengths (650 and 940 nm). Trunk diameter was 

measured 15 cm above the bud union on April 15 and October 15, 2008, using a manual 

caliper 

Leaflets were washed to eliminate dust and residual nutrients from the leaf 

surface. They were washed in soapy water, rinsed in tap water, rinsed in 1% HCl, and 
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washed twice in deionized water (Smith and Storey, 1976). Leaflets were dried at 65 oC 

for 24 hours and weighed to determine dry matter.  The leaflets were then ground using a 

mortar and pestle. Samples were analyzed for N by combustion using a LECO FP528. 

Ground leaf tissue was digested using a block digester (Martin Machine, Magnum Series 

F-4) with HNO3, HCl, and H2O2. All remaining nutrients (Ca, Mg, K, P, S, Fe, Zn, Mn, 

and Cu) were measured in the digestate by ICP on a Spector Modula M120 (Kalra y 

Maynard, 1998 (Kalra and Maynard, 1998). 

On October 15 leaves and leaflets were counted. According to tree growth, five to 

ten complete leaves were collected to determine leaflet weight, midrib length, and midrib 

weight. Leaflet weight and midrib weight were used to calculate leaflet weight per plant 

and leaf weight per plant. 

With the same soil used in the pot study, adsorption isotherms were conducted 

using the following Zn sources; Zn sulfate, Zn Avail, and Zn EDTA.  Additionally, 

adsorption of Zn sulfate by manure-amended Pima soil that had been incubated for two 

months was determined. Isotherms were determined using 1 g of soil and adding 20 ml of 

Zn solution containing from 0 to 200 mg Zn L-1, which were prepared in 0.01 M CaCl2 to 

prevent changes in ionic strength. Suspensions were shaken for 30 minutes, let stand for 

24 hours at 25 °C, and shaken again for 30 minutes. They were then centrifuged at 3000 

RPM for 30 minutes and filtered using Watman #2 filter paper.  Zn in solution was 

measured using ICP (Reyhanitabar et al., 2007; Udo et al., 1970).  Freundlich adsorption 

isotherms were used to calculate the Zn retained by soil with the power equation X=ACB, 

where A and B are Freundlich coefficients and C is the concentration of Zn in 
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equilibrium in solution in mg.L-1. Adsorbed Zn (q) was calculated with the following 

equation: 

q= [Vl * (Ci – C)] / ms, 

where: Ci is the initial concentration (mg·L-1), C is the Zn concentration in equilibrium 

(mg·L-1), Vl  is the volume of the solution (L), and ms is the weight of the soil used (kg). 

Adsorbed Zn is expressed in mg·g-1. 

 

Results 

Shoot and leaflet growth during the spring flush were not affected by soil Zn 

treatments or foliar sprays (Table 2). Stunted tree growth was noticed in trees in pots that 

received Zn EDTA application, and leaflet area was smallest in these trees during spring 

shoot growth. Shoot numbers were greatest in Zn EDTA treated trees and lowest in 

manure plus Zn treatments. The low number of shoots in the manure plus Zn treatment 

was reflected in the higher values for shoot growth, leaflet weight, and leaflet area. As the 

shoot number decreased leaflet area increased (Pr>F= 0.03), and average shoot length 

increased (Pr>F= 0.000). A significant (Pr>F= 0.000) positive relationship was found 

between leaflet area and leaflet weight; one gram of dry matter represented 109 cm2. 

Chlorophyll index was highest in Zn Avail and manure treatments but differences were 

not significant. 

Soil and foliar treatment did not significantly effect total growth of potted pecan 

trees (Table 3). Increase of trunk diameter was larger in manure treatments than the rest 

of the treatments but differences were not significant. Number of leaves, and leaflets, and 
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total leaflet dry weight were highest in Zn EDTA treated trees. Midrib length was highest 

in Zn Avail and foliar Zn treatments, and midrib weights were highest in Zn Avail and Zn 

EDTA treatments.  

Mineral composition of potted pecan trees was affected by soil and foliar Zn 

treatments (Table 4). Manure and manure Zn treatments had the highest leaflet N 

concentrations but differences were not significant.  A significant positive relationship 

was found between N concentration and chlorophyll index.  As leaflet N increased 

chlorophyll index also increased (Pr>F= 0.000); one percent increase in leaflet N equated 

to a chlorophyll index increase of 6.9 units. Phosphorus, Mg, Zn, and Cu were 

significantly affected by treatments. Soil-applied Zn sulfate and foliar Zn treatments 

decreased leaflet phosphorus levels. Leaflet Mg level was higher in soil Zn sulfate and Zn 

EDTA than in the rest of the treatments. Most strikingly, Zn EDTA had about 10 times 

more leaflet Zn than the rest of soil treatments, and 1.7 times more than the foliar spray 

treatment. Leaflet Cu level was highest in the Zn EDTA treatment.  

Zinc and Cu content in leaflets (concentration x dry weight) were affected by the 

Zn EDTA treatment (Table 5). Zinc content was ten times higher in this treatment than in 

other treatments, and significantly different than other treatments with the exception of 

the foliar Zn treatment where foliar Zn was approximately double that of the untreated 

control. Copper content in Zn EDTA treated trees was twice that of control trees. 

Nitrogen content was not significantly affected.  

As shown in Fig. 1, Zn EDTA reduced soil adsorption of Zn. Untreated Pima soil 

adsorbed 1.6 mg·g-1 from soil suspensions in equilibrium with 100 mg·L-1. Zinc Avail 
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reduced the adsorption of Zn to 1.1 mg·g-1 and Zn EDTA to nearly 0 mg·g-1.  As shown in 

Fig. 2, pre-treatment of soil with 11 or 22 ton·ha-1 manure followed by incubation for two 

months did not affect Zn2+ adsorption from the soil. 

 

Discussion 

Zinc EDTA treated trees had leaflet Zn levels well above published sufficiency 

ranges (Jones et al., 1991; Robinson et al., 1997), whereas leaflet Zn in other treatments 

was below sufficiency ranges.  Some leaflets in EDTA treatment had rounded tips and 

the central vein grew outside leaflet lamina but no chlorosis or necrosis was observed. 

Chlorophyll index was not affected by treatments, suggesting that maximum chlorophyll 

content was associated with Zn concentrations ranging from below the standard critical 

level of 50 µg·g-1 (Sparks, 1993; Sparks, 1994; Sparks and Payne, 1982; Wood, 2007) to 

levels as high as 240 µg·g-1.  No significant relationship was found between leaflet Zn 

and chlorophyll index (Pr>F= 0.16). A previous publication reported that leaf chlorophyll 

content, stomatal conductance, and net photosynthesis of severely Zn deficient trees were 

all positively related to leaflet Zn concentration (Hu and Sparks, 1991). Hu and Sparks 

tested leaves with Zn concentrations between 4 to 14 ppm, and reported that maximum 

chlorophyll level and maximum photosynthesis rate were associated with leaf Zn 

concentrations of 11 and 14 µg·g-1 of dry matter, respectively.  Critical leaflet levels and 

sufficiency ranges have been determined ranging from 20 to 60 ppm (Lane et al., 1965; 

Obarr et al., 1978; Sparks, 1976; Storey et al., 1971; Worley et al., 1972). Pecans grown 

in hydroponic sand culture without Zn had interveinal necrosis in leaves with 7.2 µg·g-1 
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of Zn, mottling at 9.8 µg·g-1, and no symptoms in leaves with 11.2 µg·g-1 Zn (Kim et al., 

2002).  Seedlings of 'Curtis' growing in nutrient solution without Zn had Zn 

concentrations ranging from 24 to 37 µg·g-1 and showed mild deficiency symptoms 

(Sparks, 1978).  We observed no visual deficiency symptoms in trees with leaf Zn levels 

as low as 25 µg·g-1. 

Stability of Zn EDTA decreases 10 to 100 times from pH 7.5 to 8.5, but forms 

stable complexes with other nutrients as well (Norvell, 1991).  Significantly higher 

concentrations of leaflet Cu were found in Zn EDTA treatments, presumably  due to 

formation of stable Cu EDTA complexes (Norvell, 1991). Also, leaflet Mn was high in 

Zn EDTA treatments but this effect was not significant.  An antagonistic relationship 

between Zn and Mn has been observed.  For example, when Mn concentration in a 

nutrient medium was increased from 0 to 14.78 g L-1, leaf Zn levels of ‘Desirable’ pecan 

seedlings dropped from 137 to 43.5 µg·g-1 (Obarr et al., 1987). In our study, increased 

leaflet Zn in the Zn EDTA treated trees may have acted to limit Mn uptake, ameliorating 

possible positive effects of EDTA on Mn uptake. 

In November, when total leaflet growth was estimated, leaflets from the Zn 

EDTA treatment had the highest weight, indicating summer growth was greater for plants 

with higher leaf Zn. We suspect that a toxic effect initially occurred in Zn EDTA treated 

trees, but later these trees had faster growth.  We have not found published reports of 

EDTA phytotoxicity, but studies with cardoon (Cynara cardunculus) indicated that 

increasing EDTA levels in soil solution from 0 to 750 µM decreased stomatal 

conductance, transpiration rate, evapotranspiration, and plant water content. 
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Adsorption isotherms with Zn sulfate obtained in this study were similar to those 

obtained in Superstition soil with about 5% of Ca carbonate from Arizona (Udo et al., 

1970). Stability of the Zn Avail resin complex was not as great as Zn EDTA. Zinc EDTA 

stability is great enough to prevent Zn adsorption by soil carbonates and hydroxyls and to 

maintain Zn availability. Placing Zn EDTA in the pots helped to increase Zn absorption 

from the soil, but Zn Avail did not. Foliar Zn spray also increased leaflet Zn but did not 

affect pecan tree growth. The remainder of the treatments had leaflet Zn concentrations 

ranging from 25 to 33 µg·g-1; however plant growth was not adversely affected, 

suggesting a critical level somewhat lower than the widely-used 50 µg·g-1. Soil Zn 

fertilization can be effective in alkaline and calcareous soils using Zn EDTA in a 

confined growing space, but rates and placement required for effective field treatment are 

unknown. 
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Table 1. Soil characteristics at the beginning of the study 
Soil test Method Units Value 
pH Saturated paste SU 7.5 
Electrical Conductivity Saturated pste dS·m-1 0.44 
Calcium NH4OAc (pH 8.5) mg·kg-1 4000 
Magnesium NH4OAc (pH 8.5) mg·kg-1 310 
Potassium NH4OAc (pH 8.5) mg·kg-1 510 
Zinc DTPA mg·kg-1 3.2 
Iron DTPA mg·kg-1 5.1 
Manganese DTPA mg·kg-1 9.4 
Copper DTPA mg·kg-1 2.4 
Nickel DTPA mg·kg-1 0.12 
NO3-N Cd reduction mg·kg-1 8.8 
PO4-P Olsen mg·kg-1 9.0 
SO4-S Hot water mg·kg-1 22 
Boron Hot water mg·kg-1 0.28 
Free lime Effervescence  High 
Exchangeable Sodium Percent (ESP) Calculated % 1.8 
Cation Exchange Capacity (CEC) Calculated meq·100 g 24.3 
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Table 2. Effect of soil and foliar Zn fertilization on spring flush growth of one year old 
‘Wichita’ pecan potted trees1 sampled on July 29, 2008. 

Shoot growth (cm) Leaf size (cm) Leaflet 
 
 
 

Treatmentz
Shoots· 
plant-1 Average Longest Length Width 

Weight 
(g) 

Area 
(cm2) 

Chlorophyll 
index 

(SPAD) 
Control 7.1 7.1 13.6 29.1 14.8 0.101 12.4 44.0 

Zn Sulfate 6.1 5.6 12.7 30.6 15.2 0.093 11.7 43.8 
Zn EDTA 8.4 6.8 15.4 28.4 14.6 0.073 9.6 43.9 
Manure 6.4 7.4 15.0 29.7 15.9 0.101 12.9 44.4 

Manure+ Zn 5.8 10.9 19.3 31.9 16.6 0.116 14.8 43.2 
Zn Avail 6.3 7.5 16.3 31.1 15.1 0.093 11.8 44.4 
Foliar Zn 6.4 8.1 17.4 30.6 16.9 0.109 13.5 43.2 

Pr>F NSy NS NS NS NS NS NS NS 
         

z Rates: Zn= 0.78 g·pot-1, Manure= 119 g·pot-1. 
y NS Nonsignificant at P ≤ 0.05 
 
 



 182

Table 3. Effect of soil and foliar Zn fertilization on total growth in one year old ‘Wichita’ 
pecan potted trees sampled on October 22, 2008.1

Trunk diameter (mm) Leaflets·plant-1 Midrib growth  
 

Treatmentz Initial Increase 
Leaves· 
plant-1 Number 

Total dry 
weight (g) 

Length 
(cm) 

Total dry 
weight (g) 

Control 10.1 1.4 40.7 338 20.2 10.9 4.8 
Zn Sulfate 9.9 1.1 37.3 378 22.0 11.5 4.4 
Zn EDTA 10.6 1.3 51.0 472 30.6 13.3 7.5 
Manure 9.6 1.7 48.4 445 30.3 12.3 6.6 

Manure +Zn 10.0 1.2 39.7 368 26.9 13.0 5.7 
Zn Avail 10.3 1.0 40.7 319 26.1 14.1 7.5 
Foliar Zn 9.8 0.8 39.7 384 24.7 14.1 5.8 

Pr>F NSy NS NS NS NS NS NS 
z Rates: Zn= 0.78 g·pot-1, Manure= 119 g·pot-1. 
y NS Nonsignificant at P ≤ 0.05 
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Table 4. Effect of soil and foliar treatments on foliar nutritional concentration of one year 
old Wichita pecan potted trees (dry matter) 

N P K Ca Mg S Na Fe Zn Cu Mn B 
Treatmentsz mg·g-1 µg·g-1

Control 24.0 1.1 9.3 20.6 4.5 2.5 115 121 33 5.3 771 114 
Zn Sulfate 24.1 0.9 8.3 20.3 5.0 3.2 108 103 25 4.8 547 106 
Zn EDTA 25.1 1.2 8.5 18.7 5.2 2.7 141 126 244 6.9 924 110 
Manure 24.7 1.1 8.6 18.0 4.4 2.4 98 110 27 4.9 492 99 

Manure +Zn 22.9 1.1 8.7 21.1 4.6 2.8 109 104 28 4.9 587 112 
Zn Avail 23.4 1.1 8.4 21.9 4.5 2.9 117 112 32 4.9 745 117 
Foliar Zn 23.1 0.9 8.5 18.7 4.2 2.5 113 101 140 3.8 568 106 

Pr>F NS NS NS NS ** 0.08 0.38 0.34 0.00 0.00 0.11 0.75 
LSD0.05

x  0.2   0.8    102 1.6   
z Rates: Zn= 0.78 g·pot-1, Manure= 119 g·pot-1. 
y NS, *, ** Nonsignificant or significant at P ≤ 0.05, and P ≤ 0.01, respectively. 
x Least Significant Difference with Tukey HSD at P ≤ 0.05 level 
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Table 5. Effect of soil and foliar treatments on leaflets nutritional content of one year old 
Wichita pecan potted trees (dry matter) 

N P K Ca Mg S Na Fe Zn Cu Mn B 
Treatmentsz Mg·total leaflets µg·total leaflets 

Control 486 22 182 415 90 50 2220 2435 658 106 15256 2291 
Zn Sulfate 532 21 184 451 110 65 2490 2289 536 103 12140 2368 
Zn EDTA 765 36 240 561 160 83 4370 3693 6771 196 30467 3476 
Manure 740 32 260 550 136 73 2930 3419 832 147 15004 2987 

Manure +Zn 608 28 234 549 121 74 2790 2742 715 127 14458 2948 
Zn Avail 608 27 216 572 119 77 2950 3027 708 124 18079 2977 
Foliar Zn 567 23 196 488 105 61 2850 2413 3254 93 14736 2496 

Pr>F NSy NS NS NS NS NS NS NS *** * NS NS 
HSD0.05

2         3234 90   
z Rates: Zn= 0.78 g·pot-1, Manure= 119 g·pot-1. 
y NS, *, **, *** Nonsignificant or significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, 

respectively. 
x Least significan difference with Tukey HSD at P ≤ 0.05 level 
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Figure 1. Relationship between adsorbed Zn2+ and the Zn2+ in solution from suspensions 
in equilibrium with different Zn sources in alkaline soil (pH= 7.6) and calcareous soil 
(High effervescence to HCl )  
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Figure2. Relationship of adsorbed Zn2+ in alkaline (pH= 7.6) and calcareous (High HCl 
effervescence) soil after two months of amended with manure and Zn2+ in equilibrium in 
suspensions of soil and Zn sulfate solutions. 
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APPENDIX E 

FIELD IDENTIFICATION AND CHARACTERIZATION OF MANGANESE 

TOXICITY IN ‘WESTERN SCHLEY’ PECAN TREES 
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Field Identification and Characterization of Manganese Toxicity in ‘Western 

Schley’ Pecan Trees 

 

Abstract 

Adult ‘Western Schley’ pecan trees with delayed budbreak and dieback of current 

year’s shoots during and immediately following budbreak were observed in a pecan 

orchard located in Cochise County in Southeast Arizona.  Soil and leaf tissue analyses 

indicated that this condition was a result of Mn toxicity. Leaf and soil were sampled in 

trees with varying degrees of toxicity symptoms during the period of 2004 to 2007. In the 

spring of 2008 twenty trees with different grades of delayed budbreak were classified as 

“Unaffected”, “Moderately Affected”, and “Severely Affected” according to the intensity 

of the disorder to determine leaf Mn concentration and content, leaf area, leaf weight, 

shoot growth, fruiting shoot percentage, and fruits per cluster corresponding to these 

conditions. Severely Affected trees had higher leaflet Mn concentration (4034 ± 1482 

µg·g-1) as compared with Unaffected trees (1620 ± 646µg·g-1). Fruiting shoot percentage 

was reduced from 86 ± 8.4 % in Unaffected trees to 7 ± 6.2 % in Severely Affected trees. 

Shoot growth and leaf area were also influenced. Severity of the disorder increased as 

soil pH decreased (down to 5.26) and DTPA extractable Mn increased (up to 42 µg·g-1). 

By midsummer, leaf size and weight were similar in Severely Affected and Unaffected 

trees. Chlorophyll index was not affected by the intensity of the disorder. During 

budbreak, trees with leaf Mn less than 1000 µg·g-1 had a normal growth and reproductive 

characteristics. Trees with leaf Mn concentrations higher than 2500 µg·g-1 in May had 
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reduced shoot growth (reduced from 13 ± 4.2 to 2 ± 0.8 cm) and the percentage of shoots 

with fruit was reduced from 86 ± 8.4 to 7 ± 6.2. 
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Introduction 

High Mn availability occurs mainly in soils that are either acid,  anoxic, or both 

(Mengel and Kirkby, 1987). The soil in affected areas in this study was acidic, with a pH 

below 6.0. Manganese availability increases approximately 100 fold per unit decrease in 

pH due to the dissolution of inorganic minerals, particularly pyrolusite (MnO2) (Lindsay, 

1972). Reduced soils may contain 10 times more available Mn than oxidized soils 

(Patrick and Jugsujinda, 1992). Conversely, Mn availability is decreased when soil is 

oxidized, and by complexation with organic matter under oxic conditions (Mengel and 

Kirkby, 1987). 

Pecan Mn imbalances are not common. Leaf Mn levels considered to be in the ‘deficient’ 

range (Pond et al., 2006; Smith et al., 2001) have been reported in Oklahoma without 

discernible leaf symptomatology (Pond et al., 2006; Smith et al., 2001). Sparks (Sparks, 

1978) was not able to induce visible deficiency symptoms in ‘Curtis’ pecan seedlings by 

omitting Mn from a nutrient solution, although leaf concentrations were as low as 43 

µg·g-1. Normal Mn range in Georgia is from 200 to 500 µg·g-1 (Worley, 1969). In 

Oklahoma leaf Mn concentrations as high as 2244 have been reported and appear not to 

be detrimental (Smith and Cotten, 1985).  Seedling 'Desirable' pecan trees were grown in 

a nutrient solution containing 14.8 g·L-1 Mn, toxicity symptoms were associated with leaf 

Mn levels of 4,525 µg·g-1 (Obarr et al., 1987), however toxicity symptoms were not 

described. 

The optimum level in walnuts is 26 to 250 µg·g-1 (Olsen, 2006), somewhat lower than in 

the Mn range for pecans (Proebsting and Serr, 1966).  One nut crop, Macadamia, can 
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tolerate similarly high Mn levels as pecans (Robinson et al., 1997). Even so, Mn toxicity 

has been reported in macadamia grown on acidic soils in Australia, where optimum 

concentrations are 720 µg·g-1 and toxicity concentrations are 5460 µg·g-1 or above (Weir 

and Cresswell, 1993). 

The goal of this paper is to present information related to soil conditions, leaflet Mn 

concentration and content, pecan shoot growth and reproductive characteristics related 

with the degree of severity of this disorder. 

 

Materials and methods 

This study was carried out in an orchard with ~35 year old ‘Western Schley’ 

pecans located near Kansas Settlement in southeast Arizona. Trees are planted in a 9.15 x 

9.15 m square pattern. The orchard is flood irrigated and received 1.50 m of water per 

year. Seven monthly irrigations of 21 cm were applied from March to September. In the 

first two irrigations a fertilizer blend of ammonium nitrate, monoammonium phosphate 

and potassium sulfate (26-13-13) was applied at a rate of 200 kg in each irrigation. In 

these two fertilizations, the orchard received 104 kg.ha-1 N, 52 kg.ha-1 P2O5, and 52 kg.ha-

1 K2O. In each of the next four fertilizations the orchard received 32 kg of N as urea, 

broadcast on the soil surface and incorporated with irrigation water. Five foliar sprays of 

zinc sulfate (0.2 % w/v) plus urea (0.3 % v/v) are applied annually to supply Zn. The 

orchard is located on Sonoita soil series fine clayed, mixed, thermic, Typic Hapliargid. 

The mean annual soil temperature ranges from 15 to 22 oC with mean annual 

precipitation from 25 to 40 cm (Hendricks, 1985).   
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The orchard was laser-leveled between 1995 and 1997, when the irrigation system 

was changed from furrow to level basin. This involved excavating one end of each row 

and filling in the other end.  Affected trees are, in general, located in the filled area where 

approximately 20 to 50 cm of soil was added to the soil surface (Figure 1).  

Initial Diagnosis 

In May 2004 soil samples were collected from around trees exhibiting varying 

levels of symptom severity (Figure 2). Soil characteristics determined were pH and 

electrical conductivity (on a 1:1 soil:water extract), extractable bases (extracted in pH 7.0 

ammonium acetate), DTPA-extractable micronutrients, and hot water-extractable sulfate 

and boron.  Twenty pairs of leaflets from “Severely Affected” and “Unaffected” trees 

were collected to evaluate nutritional factors potentially involved in this problem. Leaves 

were analyzed for concentrations of N, P, K, Ca, Mg, Zn, Fe, Mn, Cu, S, and B. Initial 

leaf analysis interpretation was made using the leaf nutrient standard values developed by 

Pond et al. (2006). Balance indices (BI) were obtained for each nutrient using the 

methodology proposed by Kenworthy (Kenworthy, 1973). This approach categorizes the 

nutrient condition in very low, low, optimum, high, and very high ranges. 

Visual description of leaf symptoms 

During 2007, several trees with varying degrees of Mn toxicity symptoms were 

selected and categorized as “Unaffected”, “Slightly Affected”, and “Moderately 

Affected”, and “Severely Affected”. Soil samples were collected from the south, east, 

north, and west sides of one tree of each category. These samples were analyzed for both 

water soluble and DTPA extractable Mn.  
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Relation of leaf Mn with growth, chlorophyll index, and reproductive characteristics.  

To measure the effect of high leaf Mn on tree growth, chlorophyll content, and 

reproductive characteristics, a block which exhibited a noticeable delayed budbreak was 

sampled in 2008. The trees in one row were visually categorized as “Unaffected” (n=7), 

“Moderately Affected” (n=6), and “Severely Affected” (n=6). Fifteen pairs of leaflets per 

tree from the middle part of the shoot growth were collected from each tree on May 28 to 

determine leaflet area, leaflet weight, leaflet Mn concentration, and leaflet Mn content. 

To determine the effect of differential shoot development among tree categories on Mn 

status, regression linear analysis were performed between leaflet Mn content and leaflet 

area through all the season to know. Leaflet samples were collected on May 29, July 2, 

August 7, and September 10 to determine leaflet weight change during the season. 

Chlorophyll index was obtained in leaflets sampled during August 7 using a Konica 

Minolta SPAD 502 meter (Konica Minolta Sensing America Inc., New Jersey), by optical 

density difference at two wavelengths (650 and 940 nm wavelength). Chlorophyll 

readings were conducted in the middle of the leaflet. Leaflets were scanned on a flat bed 

scanner and leaflet area obtained using Scion Image software (Scion Corp., Frederick, 

Maryland). Weights of dried leaves were also measured and leaflet density was 

calculated. On October 22, fifty shoots per tree were examined to determine the 

percentage of shoots with fruit clusters. The number of fruit per ten clusters was counted 

to determine fruit per cluster. 

 



 194

Results and discussion 

Initial Diagnosis 

Interpretation of leaf samples collected in May 2004 was conducted using leaf 

nutrient standards developed in Arizona (Pond et al., 2006) and revealed that in 

Unaffected trees the Mn concentrations in the basal leaflets averaged 5900 mg·kg-1 and in 

tip leaflets 3,000 mg·kg-1 both with Kenworthy balance indices in the Toxic range (Table 

1).  The leaf samples from the Severely Affected tree had Mn concentrations of 13000 

mg·kg-1 in the basal leaflets and 9400 mg·kg-1 in the tip leaflets. 

Soil samples collected from 0-30 cm in June 2004 showed that Severely Affected areas 

had pH values as low as 4.3, while Unaffected areas had a pH of 5.9. This orchard has a 

history of long-term applications of high levels of ammonium fertilizer, which can cause 

low soil pH (Smith et al., 1985). Optimum pH recommended for pecans in New Mexico 

is from 6.4 to 8.0 (Norris and McWilliams, 1978). During soil sampling, reddish and 

bluish colored spots resulting from redoximorphic processes were observed in Severely 

Affected areas. The combination of low pH and low redox potential can increase the 

availability of Mn.  

Soil samples collected from Severely Affected areas had DTPA-extractable Mn 

levels of 42, 49, 9, 8, and 8 µg·g-1 at 0-30, 30-60, 60-90, 90-120, and 120-130 cm depths, 

respectively. In the soil with Good trees, corresponding values were, 21, 4, 3, 2, and 7 

µg·g-1. Recommended soil Mn levels are from 11 to 20 µg·g-1 in soils containing less than 

6%  organic matter (Norris and McWilliams, 1978). 
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Visual description of leaf symptoms 

Initial signs of Mn toxicity include delayed budbreak and dieback of current 

year’s shoots during and immediately following budbreak (Figure 2). During budbreak, 

some buds desiccated after swelling or when shoots had grown less than 1 cm in length. 

Lateral branches produced small catkins, which also died (Figure 3). During budbreak, 

leaves were pale with small and upwardly curled basal leaflets (Figure 4). Affected trees 

had reduced canopy cover due to reduced leaf size, early season defoliation, and dieback 

of branches.  Shoots and leaves that survived the initial defoliation subsequently had 

vigorous growth, with leaves reaching up to 60 cm in length (Figure 5). Branches of 

Severely Affected trees were easily detached (Figure 6). Under severe conditions branch 

die back did occur (Figure 7). Eventually the most severely affected trees died.  After the 

initial dieback, secondary or tertiary buds in surviving shoots broke dormancy, and 

subsequent shoot growth was relatively normal.  

In 2007, soil samples collected from 0-30 cm had water-soluble soil Mn 

concentrations of 0.01, 0.24, 2.74, and 2.14 for Unaffected, Slightly Affected, Moderately 

Affected, and Severely Affected trees, respectively. Corresponding DTPA-extractable 

Mn concentrations were 29, 45, 66, and 72 µg·g-1 and pH was 6.54, 5.94, 5.18, and 5.26. 
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Relation of leaf Mn concentration with growth, chlorophyll index, and reproductive 

characteristics 

Trees sampled in 2008 had varying leaf Mn levels that were related to the degree 

of the problem. Unaffected trees had a leaflet Mn concentration of 1109 ± 592 µg·g-1, 

Moderately Affected trees (n= 6) had 3512 ± 1396 µg·g-1, and Severely Affected trees 

had 10212 ± 3796 µg·g-1. These concentrations are more than double the values reported 

as toxic in leaves of ‘Desirable’ seedlings in a pot experiment in which the highest value 

was 4525 µg·g-1 (O’Barr et al., 1987). Levels as high as 2224 µg·g-1 in Oklahoma (Smith 

et al., 2001) and 2800 µg·g-1 in Louisiana were not detrimental for pecan growth (O’Barr 

et al., 1987), and in Arizona the upper value for ‘high’ status in pecan is 1227 µg·g-1 

(Pond et al., 2006). In Georgia, concentrations greater than 800 µg·g-1 are present in 

pecans leaflets growing in soils with a pH of 5.4 without toxicity symptoms (Plank, 

1989). 

Leaflet Mn concentration was inversely related to leaflet area.  During the May sampling, 

leaflet area ranged from 11.6 cm2 in Unaffected trees to 3.2 cm2 in Severely Affected 

trees, largely because bud break was delayed in these trees and thus the leaves were less 

developed at the time of sampling. Regression analysis of leaflet Mn content and leaflet 

area showed that in Unaffected leaflets the Mn content increased by 9.7 µg per cm2 in of 

leaflet area (Leaflet Mn content= 9.7 · area -39.4 (r2= 0.18*); and for Severely Affected 

18.4 µg per cm2 (Leaflet Mn content= 18.4 · cm2 -77.8; r2= 0.44**).  Therefore, leaflets 

of similar size on Severely Affected trees contained more Mn than those from Unaffected 

trees. For example, a 20 cm2 leaflet from an Unaffected tree contained approximately 154 
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µg Mn, whereas one from a Severely Affected tree contained 290 µg Mn, suggesting that 

dilution was not responsible for in observed differences Mn content.  However, the leaflet 

content (µg Mn per leaflet) actually decreased with severity of symptoms very early in 

the season because leaflet area was smaller than Unaffected trees at this time (i.e. smaller, 

Severely Affected leaves contained less Mn than less affected leaves, although Mn 

concentrations were much higher). Later in the season all trees, regardless of severity of 

early season symptoms had approximately the same content and concentration of Mn. 

Leaflet weight on May 28 of Severely Affected trees was less than those of 

Unaffected trees (Table 3). However, as the growing season progressed, leaflet weight of 

Severely Affected trees increased and late in the season leaves on these trees were 

slightly larger than those on Unaffected trees. Thus although growth of leaves on 

Severely Affected trees was delayed, they had normal-sized leaves by mid-season. In 

Florida it was reported that summer growth produced larger leaflets areas (58.4 cm2) than 

spring growth (18.5 cm2) (Andersen and Brodbeck, 1988). The leaflets of Severely 

Affected trees had a slightly higher density (presumably due to increased thickness) than 

Unaffected trees.  Leaflet density also increased with leaf age.  The density of leaflets in 

Unaffected trees increased from 6.2 mg·cm-2 on May 29 to 7.7 mg·cm-2 on August 7, and 

in Severely Affected trees from 7.6 to 8.8 mg·cm-2 over the same time span.  The very 

high standard deviation of leaf density in Severely Affected trees may be due to re-

growth in these trees that resulted in a wider range of leaf ages in these trees.  This also 

accounts for more normal leaf size on Affected trees late in the season, as the late shoots 

exhibit more normal growth than those from early in the season.  
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Manganese toxicity strongly affected reproductive characteristics and shoot 

growth of pecan trees (Table 4). In 2008 Unaffected trees had an average of 86% fruiting 

shoots whereas Severely Affected trees had 7%. Numbers of fruit per cluster were not 

influenced. Annual shoot growth was reduced from 13 cm in Unaffected trees to 2 cm in 

Severely Affected trees. These short shoots each had three to five leaves and shortened 

internodes which resemble the ‘rosette’ symptoms caused by zinc deficiency. However, 

leaves on these shoots were of normal or larger than normal size. Leaf chlorophyll index 

was not related to the degree of severity of symptoms. Affected catkins reached a size of 

1 cm and then became desiccated, probably because of high Mn concentrations (no 

measurements catkin Mn concentrations were conducted). 

 

Conclusion 

Pecan Mn toxicity delayed bud break, and reduced the initial size and weight of 

leaf and leaflets. Surviving shoots from affected trees can have normal or even larger 

than normal leaves in mid and late summer. Shoot growth and fruiting characteristics 

were negatively affected as leaflet Mn levels increased. Leaf chlorophyll index was not 

affected by the severity of the disorder. Symptoms of Mn toxicity appeared when leaf Mn 

concentrations exceeded 3,512 ± 1396 µg·g-1 during May and June, with severe 

symptoms appearing when leaf Mn was higher than 10,212 ± 3796 µg·g-1. At the standard 

date of sampling (late July), trees with leaf Mn less than 1,700 µg·g-1 did not exhibit 

visible toxicity symptoms. Additional studies are required to understand how high levels 

of Mn affect early development of pecans. 
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The immediate source of Mn is also unknown.  Since the symptoms occur so 

early in the growing season, it is likely that much of this Mn could come from reserves in 

perennial tissues which move to growth points before and during budbreak. High levels 

of mobilized Mn may cause the young tissues of opening buds to die. Buds that survive 

and grow cause a dilution and reduction of Mn concentrations. Further detailed studies 

are needed to determine the source of early season Mn and how Mn is stored and re-

distributed in the pecan tree. 
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 Table 1. Interpretation of leaf analysis according to tree appearance using standard leaf 
levels on ‘Western Schley’ pecan trees (May of 2004) 

Tree appearance 
Unaffected Severely Affected 

Basal leaflets Tip leaflets Basal leaflets Tip leaflets 

 
Nutrient 
(Dry matter) 

g·kg-1 BI1 Status2 g·kg-1 BI Status g·kg-1 BI Status g·kg-1 BI Status 
N 35.0 129 H 40.0 148 H 28.0 102 N 40.0 148 H 
P 2.0 135 H 3.0 204 T 1.0 65 L 3.0 204 T 
K 14.0 83 N 15.0 89 N 16.0 96 N 17.0 102 N 
Ca 19.0 157 VH 11.0 115 N 46.0 299 T 27.0 199 T 
Mg 4.0 105 N 3.0 85 N 4.0 105 N 4.0 105 N 
S 2.0 89 N 2.0 89 N 2.0 89 N 2.0 89 N 
 µg·g-1 BI1 Status2 µg·g-1 BI1 Status2 µg·g-1 BI1 Status2 µg·g-1 BI1 Status2

Zn 57 78 L 91 109 N 290 291 T 180 190 T 
Fe 59 100 N 49 88 N 99 147 H 100 148 H 
Mn 5900 398

1 
T 3000 209

4 
T 13000 8600 T 9400 625

8 
T 

Cu 6.5 64 L 9.3 83 N 6.2 62 L 11 95 N 
B 57 88 N 33 80 L 40 80 L 38 79 L 
1 BI= Balance Index, calculates with leaf standard from Pond, et al., 2006. 
2 L= low; N= normal; H= high; VH= very high; T= toxic. 
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Table 2. Leaflet area and Mn concentration and content with symptom of Mn toxicity in 
‘Western Schley’ pecan trees during 2008 (avg ± SD). 
Symptom condition  

Leaflet area cm2
Mn concentration 

µg·g-1
Mn content 
µg.leaflet-1

5/28    
Unaffected 11.6 ± 1.8 1620 ± 646 116 ± 45 
Moderately affected 7.5 ± 1.3 2226 ± 1274 112 ± 91 
Severely affected 3.2 ± 1.2 4034 ± 1482 94 ± 48 
    
7/2    
Unaffected 21.0 ± 4.0 1685 ± 614 285 ± 127 
Moderately affected 23.4 ± 6.2 1638 ± 431 301 ± 106 
Severely affected 17.4 ± 3.6 2782 ± 1203 470 ± 288 
    
8/7    
Unaffected 20.9 ± 6.2 1934 ± 476 299 ± 86 
Moderately affected 24.9 ± 7.4 1806 ± 391 354 ± 137 
Severely affected 22.6 ± 6.4 2682 ± 830 587 ± 343 
    
9/10    
Unaffected   2204 ± 615 368 ± 134 
Moderately affected   1810 ± 515 355 ± 103 
Severely affected   2199 ± 976 432 ± 239 



 204

Table 3. Leaflet weight and leaflet density changes during the season in ‘Western Schley’ 
pecan trees with different degrees of Mn toxicity condition in 2008 (avg ± SD). 

Sampling date Symptom condition 
5/29 7/2 8/7 9/10 

    
Leaflet weight (g)    
Unaffected 0.07 ± 0.02 0.17 ± 0.04 0.16 ± 0.05 0.17 ± 0.04 
Moderately affected 0.05 ± 0.01 0.18 ± 0.04 0.20 ± 0.06 0.20 ± 0.03 
Severely affected 0.02 ± 0.01 0.16 ± 0.04 0.20 ± 0.07 0.19 ± 0.04 
     
Leaflet density (mg·cm2)    
Unaffected 6.2 ± 0.5 7.9 ± 0.5 7.7 ± 0.6 - 
Moderately affected 6.2 ± 0.6 8.1 ± 1.6 7.9 ± 0.9 - 
Severely affected 7.6 ± 1.2 9.1 ± 1.4 8.8 ± 1.4 - 
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Table 4. Shoot growth, chlorophyll index, and reproductive characteristics in ‘Western 
Schley’ pecan trees with different degrees of Mn toxicity in pecans in 2008 (avg ± SD). 
Symptom condition  

Fruiting shoots1

% 

 
Fruit per 
cluster1

Annual shoot 
growth 

cm1

Chlorophyll 
index 

SPAD2

Unaffected 86 ± 8.4 2.7 ± 0.5 13 ± 4.2 44.9 ± 1.4 
Moderately affected 58 ± 35.7 2.5 ± 0.6 6 ± 6.1 44.4 ± 1.1 
Severely affected 7 ± 6.2 2.1 ± 0.7 2 ± 0.8 45.0 ± 1.4 
1 data collected on October 22, 2008 
2 data collected on July 30, 2008 
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Figure 1. Excavating in one end of the bench. 
 

 
Figure 2. Delayed budbreak in affected ‘Western Schley’ pecan trees. These tree row 
were sampled in 2008. 
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Figure 3. Drying shoot and catkins in Severely Affected tree 
 

 
Figure 4. Basal leaflets with smaller leaves and pale leaf during budbreak in Severely 
Affected tree 
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Figure 5. Vigorous leaf growth (left leaf in top photo and below photo) in Severely 
Affected trees in summer 
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Figure 6. Branches of this size are easily detached from Severely Affected trees when 
they are pulled out. 
 

 
Figure 7. Die back of branch in Affected tree 
 


	Leaflet growth and chlorophyll index were determined on 60 leaflet samples during summers of 2007 and 2008.  Chlorophyll index was obtained using a Konica Minolta SPAD 502 meter (Konica Minolta Sensing America Inc., New Jersey), by optical density difference at two wavelengths (650 and 940 nm wavelength). Chlorophyll reading was conducted in the middle part of the leaflet. Leaflets were scanned on a flat bed scanner and leaflet area obtained using Scion Image software (Scion Corp., Frederick, Maryland). Dried leaves were weighed.
	Leaflet size and chlorophyll index were determined on samples of 60 leaflets each summer. Chlorophyll index was obtained using a Konica Minolta SPAD 502 meter (Konica Minolta Sensing America Inc., New Jersey), by optical density difference at two wavelengths (650 and 940 nm wavelength). Chlorophyll reading was conducted in the middle pair of leaflets. Leaflets were scanned on a flat bed scanner and leaflet area obtained using Scion Image software (Scion Corp., Frederick, Maryland). Weights of dried leaves were also measured. During late July or early August twenty middle pairs of leaflets were collected from the upper part of the canopy to compare leaf Zn concentration and leaf area to the ground level samples described above.

