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ABSTRACT 

Increased efficiency in agricultural production is becoming increasingly important 

in the present economic climate. The three studies presented in this dissertation have 

been developed to help producers achieve a greater efficiency with respect to crop 

production. The first is the development of the cotton monitoring system (CMS). This 

software was developed as an end product to over ten years of research into cotton crop 

monitoring. It allows for the entry of crop growth and development data, along with 

other crop inputs. All growth indices are plotted against long-term baselines to indicate 

the crops status in relation to normal growth patterns. Other University of Arizona 

extension publications are available that are directed at helping the user interpret the data 

and how best to use it in making management decisions. 

The second project involves the evaluation of added nitrogen interaction (ANI) 

effects in irrigated cotton. This was accomplished by comparing two methods of 

determining nitrogen recovery efficiencies (NREs), the difference technique and the 

isotopic dilution technique. No differences were observed between the two methods in 

the first year, 1997 indicating the absence of a ANI. However in 1999, differences were 

observed between the two methods due to abnormally high vegetative growth 

experienced by the crop, which resulted in increased root growth, and subsequent 

exploration of the soil and an increased uptake of soil N. 

The third and final project was conducted to examine the loss of N from several 

different sources of irrigation water around the state of Arizona and to observe the effects 

of temperature on this process (25,30,35, and 40°C). Ammonium sulfate was added to a 
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350 mL volume of water from which aliquots were drawn at specific time intervals and 

analyzed for NH4^-N. In a 24 hour period up to 90% of the added N was lost at 40°C. In 

general, as soluble salts increased the rate at which NH3 was volatilized also increased. 

The results from this study indicate the need to consider potential N volatilization losses 

from irrigation water when making decisions regarding N fertilizer management. 
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INTRODUCTION 

Government Agricultural Policy 

The economic climate in production agriculture has dramatically changed in 

several years. These changes have come about primarily with passage of the 1996 Farm 

Bill by the U.S congress. The Federal Agriculture Improvement and Reform (FAIR) Act 

became law on April 4, 1996, significantly changing U.S. agricultural policy. For 

approximately 60 years prior to the passage of the 1996 Farm Bill the government had 

encouraged producers to raise com, wheat, cotton, and rice by providing a price floor for 

those crops (Schertz and Doering, 1999). In simple terms, government farm subsidies 

were based upon the crops and acreages planted. Any deviations from the government 

mandated programs would result in the loss of the subsidy. Although the American 

farmer had a choice whether or not to participate in the government farm programs, at 

least 98% of eligible producers received govenunent support in the form of deficiency 

payments (Schertz and Doering, 1999). 

Farm subsidy payments and price supports have insulated the American farmer 

from many of the wide fluctuations in world commodity prices. Although the previous 

farm bill provided a certain level of security for American agriculture, it was coming at 

significant cost to the American taxpayer. In an effort to save nearly $9 billion a year in 

taxpayer money that had been spent on government farms programs, the Republican led 

Congress passed the 1996 farm bill also known as "The Freedom to Farm Act". The 

major emphasis of the new legislation was to slowly wean the American farmer from 
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government subsidies and to eventually have them compete in a global supply and 

demand market. 

The new Farm Act removed the link between deficiency payments and farm 

prices by providing for seven annual fixed but declining "production flexibility 

payments" (Agricultural Outlook Supplement, April, 1996). This was to be done by 

fixing government subsidies regardless of what the producer planted for the years 1996-

2002. These subsidy payments would decline year-by-year until they were eliminated in 

2002 (Schertz and Doering, 1999). The 1996 Farm Bill also gave American producers 

the flexibility to plant a wider variety of crops and in varying acreages without 

jeopardizing any program payments. The newfound freedom for the American producer 

resulted in many changes in crops and acreages planted across the U.S. In the first two 

seasons under the new legislation producers adjusted planting decisions to take advantage 

of the new fireedom. In 1996, total acreage of principal crops rose more than 16 million 

acres (Agricultural Outlook, September, 1997). This freedom also exposed them to 

world market prices that have been significantly lower than the subsidized prices to 

which they have been accustomed. A report published by USD A and ERS entitled 

Managing Farm Resources in the Era of the 1996 Farm Act found that one of the greatest 

concerns of U.S. producers was the ability to manage more efRciently in an environment 

of increased price volatility (Johnston and Schertz, 1998). Therefore, with the loss of 

steady government price supports and the resultant lower prices being paid for 

commodities, the need for producers to become more efficient is increasingly important. 
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A Case for Efficiency - Arizona Cotton Production 

An examination of tlie current situation facing cotton producers in the desert 

Southwest will help to illustrate the need for increased efiBciency. Producers must be 

able to manage their operation in a way that allows them to realize a profit in order to 

remain in business. 

There are three general scenarios whereby profit margins can be realized or 

increased. The first scenario is to realize an increase in the price paid for the product. 

The second is to increase the total amount of the product produced. The third is to 

decrease the costs associated with producing the product without decreasing production. 

Figure 1 illustrates the price paid to producers for cotton lint produced during the past 60 

years. This does not reflect the world market price but is the end price (including 

subsidies) paid to the producer. The government has, since the 1996 Farm Bill, provided 

relief to cotton producers in the form of production option payments or 'POP' payments 

which has increased the price paid well above the world market price. With the 

elimination of government price supports and 'pop' payments the price paid to producers 

is likely to decrease. Scenario one does not appear to be a viable means of remaining 

profitable in the short-term. Figure 2 illustrates the current trend in yields of cotton 

produced in Arizona during the past 60 years. There has been an obvious increasing 

trend in yields during the past 60 years. Figure 3, however, shows the same data for the 

past 20 years. This illustrates that yields in Arizona, much like the rest of the cotton belt, 

have been fairly stable during the past 10 to 20 years. A dramatic increase in yields in 

the near-term to produce an increase in profits is also not likely. Production costs 
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associated with cotton production in Arizona have also risen during the past twenty years. 

If we take all of these factors together, steady yields, steady or declining prices, 

increasing costs of production, the economic outlook is not good. However, the one 

variable that the producer has the most control over is cost of production. It is logical 

that this is where one might begin to make changes to increase the profit margin. Thus, 

efficiency with respect to crop production inputs becomes critical. It is important to 

understand and have knowledge of whether or not each input is providing a profitable 

return on investment. Many inputs, such as fertilizers, plant growth regulators (PGRs), 

herbicides, insecticides, harvest aids, water, etc. can be evaluated for efficiency and 

positive, negative, or neutral effects on crop growth, development, and yield. For 

example, fertilizer nitrogen (N) is a relatively inexpensive but critical input. Fertilizer N 

will often be applied in excess by growers to ensure the crop does not encounter a 

deficiency. This can potentially lead to over fertilization and an unnecessary increase in 

costs. 
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Crop Management 

Effective and efficient crop management is critical in establishing an 

economically profitable agricultural enterprise. There are two general schools of thought 

regarding crop management and the scheduling of inputs such as fertilizer, water, and 

pesticides. The first is commonly referred to as a scheduled approach. This method 

involves scheduling inputs based upon the calendar. In a cotton production system, an 

example of this management method might include an application of fertilizer in the last 

week of July every year regardless of crop condition. In contrast, the second approach, 

commonly referred to as a feedback approach, involves scheduling inputs based upon 

actual crop conditions. For example, the decision to make that same fertilizer application 

in the last week of July would be based upon observed conditions of the crop. If the crop 

is experiencing vigorous growth with a poor firuit load, the application of more fertilizer 

N can potentially lead to delayed maturity, a plant that is difficult to defoliate and 

harvest, and potential yield reduction. The use of a sound feedback approach can result 

in a more efficient use of resources and inputs and a potential reduction in costs. 

However, these feedback techniques must be based on valid crop growth and 

development assessments in order to be effective. 

With the increased availability of affordable computing power there have been a 

variety of computer simulation models developed in an attempt to predict crop growth 

and development. These models have been developed to help managers and producers 

track crop growth and development and to aid in making more efficient crop management 

decisions. Many different types of simulation models have been developed. Some 
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models strictly simulate movement of water and solutes through the soil profile while 

other models attempt to simulate the complete soil-plant-atmosphere system. The 

purpose and rationale behind the development of crop simulation models is that they are 

useful tools for interpretation and evaluation of field experiments and for general crop 

management (Whisler et al., 1986). A classic example of this type of technology is the 

development of the cotton crop simulation model GOSSYM. This program is considered 

one of the more intense and mathematically rigorous crop simulation models. The 

GOSSYM simulation model is a third generation computer model that evolved firom two 

earlier models, SIMCOT and SIMCOTII (Duncan, 1972; Duncan et al., 1971; and 

Mckinnion et al., 1975). 

GOSSYM was developed in order to predict cotton response given specific 

cultural inputs, including fertilizer N (Baker and Landivar, 1991; Baker et al., 1983). 

GOSSYM is a dynamic simulator that models cotton plant growth from emergence to 

open boll, accounting for major physiological and morphogenic processes. It also 

attempts to take into account major soil-plant relationships (Reddy, 1985). Coupled with 

GOSSYM is an expert logic system, COMAX, which allows for the development of 

management recommendations (Lenmion, 1986). 

An important aspect of any model development is validation. Recommendations 

given by a computer model are only as good as the accuracy of the simulation upon 

which they are based. Regional specificity is also important. A model that is developed 

for one region is not necessarily appropriate or effective in another. Work done on the 
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GOSSYM simulation model under Arizona conditions illustrated this fact (Norton et al., 

1994; Norton and Silvertooth, 1998). 

Another type of software developed is to track crop growth and development as a 

record-keeping tool. It would allow the collection of pertinent crop management data and 

growth and development data but make little or no recommendations for crop 

management. This type of system would allow the user to make interpretations of the 

data and make decisions based upon that interpretation. Several simplified models have 

been developed for cotton crop management in the U.S. (Plant and Kerby, 1995; Plant 

and Benheim, 1996; Zhang et. al., 1994; Bourland and Watson, 1990; Norton and 

Silvertooth, 1998; and Landivar et al., 1992). 

Nitrogen Management 

In a soil plant system N is a very dynamic nutrient. Soil N is subject to various 

transformations that make it at times unavailable for plant uptake and utilization. These 

transformations include the conversion of organic (unavailable) to inorganic (available) 

forms of N through anmionification and nitrification. The reverse process can also occur 

through the conversion of inorganic forms of soil N to unavailable organic forms of soil 

N through immobilization (Jansson and Persson, 1982). The two processes of 

mineralization and immobilization are biochemical and dependent upon the activities of 

organisms in the soil (Bartholomew, 196S). Fertilizer N that is added to the soil is also 

subject to the same transformations as indigenous soil N. The efiGciency of fertilizer N 

applied to a crop is dependent upon all of the various soil N transformations. 
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Research has been conducted examining the efficiency of fertilizer N application 

to various crops. Fertilizer N efficiency is defined as the ratio of fertilizer N taken up by 

the plant to the amount applied to the crop. The maximum uptake of fertilizer N 

commonly occurs when fertilizer applications coincide with periods of maximum crop 

uptake (Olsen and Kurtz, 1982). Method of application also has an influence on the 

efficiency of the fertilizer. Fenn and Kissel (1973) found that under drying soil 

conditions with high pH, urea and other ammonium-based fertilizers could lose 

significant quantities of N through NH3 volatilization. Sanchez and Doerge (1999) used 

nutrient uptake patterns to develop efficient N management strategies for vegetable crops. 

Split side-dress applications, fertigation, and the use of controlled release fertilizers are 

effective strategies for managing fertilizer N. Improved management of N in irrigated 

Durum wheat was achieved using basal stem tissue testing (Knowles et al., 1991). The 

use of split applications of fertilizer N proved to provide the highest uptake efficiency 

and the lowest soil residual nitrate-N concentrations in a wheat production system in 

Texas (Alcoz, 1993). 

Fertilizer N efficiency is critical for environmental reasons. Because NO3' can be 

leached out of the effective rooting zone the potential exists for contamination of 

subsurface aquifers. Concern regarding the effects of soil applied fertilizers and 

chemicals on the groundwater have increased during the past several years (Power and 

Schepers, 1989). Keeney (1982) showed that the number of irrigated hectares increased 

from 1.6 million in 1890 to over 22 million in 1982. In irrigated areas, high rates of 

nitrification and leaching are a problem on many agricultural soils. Errebhi et. al (1998) 
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found that in potato production fertilizer N recovery efficiencies increased from 33% to 

56% as a result of reduced leaching in the second year of a two year study. Crop 

sequencing and tillage method had a significant impact on NOa'-N leaching patterns 

(Meek, 1995). Eck and Jones (1992) found that in a wheat-sorghum-fallow rotation NO3' 

-N leached deeper under no-till compared to tilled treatments. 

Efficiency with respect to fertilizer N is also important for agronomic reasons. 

After water, N is the most limiting factor for crop growth in a desert cotton production 

system. It has been demonstrated in cotton production that both deficiency and surplus of 

fertilizer N can cause yield reduction (Maples and Keogh, 1971). McConnell et. al. 

(1993) found that excess N fertilizer can result in delayed maturity. A difference in 

maturity by as many as 11 days was observed between N rates of 56 and 112 kg N/ha. 

Economic efficiency with respect to fertilizer N is also critical. The ability to 

reduce costs in any way is becoming increasingly important. Research into changes in 

methods of fertilizer formulations has brought about some increases in fertilizer 

efficiencies. Shoji et al. (1994) showed that the use of polyolefin-coated fertilizers 

increased fertilizer use efficiencies from 22-23% to 79% in rice farming operations. 

Other research regarding fertilizer application rates and timing has lead to the 

establishment of Best Management Practices (BMP's) (Doerge et al; 1992). These 

mandated N fertilizer guidelines require producers to become more efficient with 

fertilizer N applications by using techniques such as tissue testing and timing of 

applications so that fertilizer N is applied to coincide with the crops needs and 

requirements. Research into management techniques that can increase fertilizer use 
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efficiencies and reduce the amount of fertilizer N lost to the environment have become 

increasingly common and relevant. 
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LITERATURE REVIEW 

Crop Management 

An effective feedback approach to management in cotton production systems 

requires a basic knowledge of growth and development of the cotton plant. The cotton 

plant is very dynamic and complex capable of redirecting resources (carbohydrates) from 

vegetative to reproductive structures and vice-versa throughout the growing season. This 

allocation of resources is environmentally dependant and can result in the loss or gain of 

fruit retention by the plant. This is due to the indeterminate growth pattern and the 

perennial nature of the plant. These factors result in a plant that is often reputed as 

having the most complex structure of any major field crop (Mauney, 1984). 

The cotton plant begins its life cycle producing monopodia! (vegetative) branches. 

The plant then makes a transition into the production of sympodial (fruiting) branches. 

This growth pattern along with its indeterminacy resuh in a four-dimensional occupation 

of space and time that is difficult to analyze (Mauny, 1986; Oosterhuis, 1990). The 

cotton plant is also extremely sensitive to environmental conditions which can result in 

the abscission of fiiiit and increased vegetative growth. An understanding of the crop and 

its potential growth patterns is critical in continuing efforts to become more efficient and 

profitable in producing a crop. There has been a great deal of research into the growth 

habits and patterns of the cotton plant. Development of growth indices have aided in 

quantitatively monitoring crop development during a season. Management 
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recommendations have been developed based upon these growth and development 

indices. Some examples of indices include estimates of plant vigor, estimates of &uit 

load (Jenkins et al., 1990a; Jenkins et al., 1990b; Silvertooth et al., 1996), estimates of 

progression through fhiiting cycle by monitoring nodes above white flower (Oosterhuis 

et al., 1993; Silvertooth and Norton, 1999a), and estimates of plant N status (Silvertooth 

and Norton, 1999a). 

Yield is influenced by the balance between reproductive and vegetative portions 

of the cotton plant. Indices have been developed to assess this balance (Kerby et al., 

1997; Silvertooth et al., 1996). One index is commonly referred to as a height to node 

ratio (HNR). The HNR measurement is sensitive to environmental factors. Plant stress 

due to lack of water or insufficient N fertility will result in lowered HNR values. High 

HNR values are commonly characteristic of plants that have a poor fhiit load and very 

little environmental stress. Kerby et al. (1998) investigated the effects of water stress, 

use of mepiquat chloride (Pix^*^), and cultivar on HNR values. Prior to anthesis HNR 

provided a measure of source strength and accurately detected the ability of the crop to 

sustain vegetative growth as affected by various plant stresses. Efficient management of 

plant growth with the use of plant growth regulators (PGRs) has been successfully 

accomplished with the use of HNR measurements (Fletcher et al., 1994; Munier et al., 

1994; Silvertooth and Norton, 1999a). 

Due to its indeterminate nature, the cotton plant has the ability to gain and lose 

fhiit in response to environmental stimuli. An estimate of the current fruit load on the 

crop can provide information useful for making decisions regarding fertilizer application 
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(Silvertooth and Norton, 1999b; Gerik et al., 1993), plant growth regulator (PGR) 

applications (Fletcher et al., 1994), irrigations, insect control (Goodell et al., 1992), etc.. 

Several different techniques have been developed to accomplish effective monitoring of 

crop fruit load over the season (Heitholt, 1993; Kerby, 1984; Silvertooth and Norton, 

1999b). 

Nodes above white flower (NAWF) indices have been developed to track crop 

growth through the fruiting cycle and towards termination of the primary fruiting cycle 

(Oosterhuis et al., 1993). Guidelines have been developed using this index as a basis for 

insecticide treattnent termination (Harris, et al., 1997), to follow crop development over 

the fruiting cycle and to aid in the final irrigation decision (Silvertooth and Norton, 

1999b). 

All of these indices, among others, have been developed to track crop growth and 

development while providing information for more efficient management decisions. 

Indices and recommendations have been developed in various cotton producing regions 

that are regionally specific (Unruh et al., 1999; Silvertooth, 1994; Hake et al., 1994; 

McCarty, 1994). Extension education programs have been developed to educate local 

producers on the effective use of these tools of crop monitoring with the end goal of 

improving efficiency and economic return to the producer. 
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N Fertilizer Recovery Efficiency 

The ability to accurately measure and assess fertilizer N efficiency is critical in 

developing new and refining existing fertilizer N management techniques. The two 

techniques that are commonly used to determine fertilizer use efficiency are the 

difference and the isotopic dilution techniques. The difference technique involves 

comparing the amount of total N uptake in the fertilized plot to that in an unfertilized 

(control) plot. This difference is considered to be the amount of N recovered from 

fertilizer. 

NR 

where: NF = total N uptake in the fertilized plot (kg N ha"'); NC = total N uptake in the 

unfertilized check plot (kg N ha"'); NR = fertilizer N rate applied (kg N ha"'). 

The assumption associated with this technique is that soil N transformations 

including mineralization-immobilization turnover (MIT) are essentially the same in both 

the fertilized and unfertilized plots (Hauck and Bremner, 1976). Bingeman et. al. (1953) 

found an increase in the decomposition of an organic soil with the addition of fresh 

organic material. Bingeman referred to this phenomenon as the 'priming effect'. This 

priming effect is defmed as the stimulation of soil organic matter decomposition due to 

the addition of N or fresh organic matter (Rao et. al., 1992). Several researchers have 

attempted to determine the factors influencing the increased availability of soil N in 

fertilized plots. Westerman and Kurtz (1973) found that addition of fertilizer N 
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Stimulated microbial activity in the soil thus releasing indigenous soil N through 

mineralization. Nitrification of ammonium and amide fertilizers causing acid hydrolysis 

of soil organic substances was reported by Turchin (1964) to have increased available 

soil N with the addition of fertilizer. Olson and Swallow (1984) discovered increased 

root growth in plots to which fertilizer N had been applied resulted in increased soil N 

availability. Broadbent (1965) attributed an increase in mineralized N to the osmotic 

effects of the addition of fertilizer salts. These osmotic effects led to microbial cell 

breakdown and increased mineralization. Any of the preceding factors have been shown 

to influence the availability of soil N in fertilized plots. The occurrences of these factors 

potentially violate the assumption that soil N processes are essentially the same in 

fertilized as compared to unfertilized plots. This would result in an over-estimation of 

the true NR£ value due to the increased soil N uptake in the fertilized plots. Rao et. al. 

(1992) also discussed other factors that might influence NREs calculated using the 

difference technique. They include: control plots that are extremely deficient in N (long-

term plots) will have lower levels of mineralizable N and that control plots that have been 

infested by pests, disease, or weeds will also result in lower N uptake by the crop. 

Another factor listed by Rao (1992) was that N uptake based on only the above-ground 

portion of the plants can lead to low and variable NRE values since recovery in the roots 

is ignored. 

The second technique, isotopic dilution, is a technique utilizing a naturally 

occurring stable isotope of N. Fertilizers that have been enriched with "N can be used to 

trace the recovery and fate of applied fertilizer N. NRE values calculated using this 
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technique are thought to be more accurate because the traceable serves as an explicit 

measurement of the fertilizer N recovered. 

where: P = total N uptake (kg N ha"'); F = total applied fertilizer N (kg N ha"'); A = atom % 

in fertilizer; B = atom % in plants grown with unlabeled fertilizer, and C = atom % 

in plants grown with labeled fertilizer. 

Assumptions associated with using this technique outlined by Hauck and Brenmer 

(1976) include the following: (i) complex elements (those containing two or more isotopes) 

have a constant isotope composition; (ii) living systems can distinguish one isotope firom 

another of the same element only with difficulty, if at all; and (iii) the chemical identity of 

the isotopes is maintained in biochemical systems. 

The isotopic dilution technique is also subject to potential errors. The substitution 

of for 'V in soil chemical reactions can lead to the unavailability of through 

immobilization. This process of 'pool substitution' can lead to under estimations of the 

true NRE value. Isotopic displacement reactions can also lead to under-estimated NRE 

values. Researchers (Mengel and Scherer, 1981; Preston, 1982) have found that a variable 

but substantial fraction of added could not be readily extracted fiom a soil by a 

leaching solution such as KCl. They also found that this N later became available to plants 

for uptake. This would indicate a temporary fixation of added rendering it 

unavailable for uptake thus leading to under-estimated NRE values. Displacement 
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reactions within the soil microbial biomass can also account for decreased NRE values 

(Jenkinson et al., 1985). 

The different factors influencing NREs calculated by both techniques that lead to 

over- or under- estimations of true NREs are collectively referred to as added nitrogen 

interaction (ANI). Jenkinson et al. (1985), in a theoretical evaluation of AN! described two 

types of ANI. The first is referred to as an 'apparent' ANI. An apparent ANI can result 

&om the effects of pool substitution where inunobilization of added N may occur during 

the decomposition of soil organic matter. This will most readily affect NRE values 

calculated using the isotopic dilution technique through inunobilization of added labeled 

fertilizer thus reducing the pool of available for plant uptake. This can occur in both 

the absence and presence of plants (Jenkinson et al., 1985). In the presence of plants this 

immobilization can occur with the decomposition of roots and root exudates. In the 

absence of plants available labeled fertilizer N can be lost through other mechanisms such 

as denitrification and volatilization which also leads to a decrease in the availability of the 

added labeled fertilizer N and an under-estimated value for NRE. Processes that occur 

within the soil that are considered to not cause an ANI are those that are not dependent 

upon quantity of fertilizer N added. This includes leaching losses of fertilizer N (Jenkinson 

etal., 1985). 

The second is referred to as a 'real' ANI. This is caused theoretically by the 

stimulation of root proliferation or microbial activity with the addition of fertilizer N. 

Zapozhnikov (1968) measured increased root growth of 32% and 11% with the addition of 

labeled NHt^-N and NOs'-N respectively. In a lysimeter study conducted by De-Nobili 
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et al. (1992) a real ANI was observed with increased root biomass in a mixture of grasses. 

Increased uptake of soil N was observed and attributed to the increased root growth in the 

oxamide treated lysimeter. Other investigators have proposed that increased root growth 

was the cause of a real ANI but very few have actually attempted to demonstrate it (Stout, 

1995; Rennie and Fried, 1971; Hills et. al., 1978). A 'real' ANI is most likely to affect 

NRE calculations based upon the difference technique. Increased root growth and 

stimulation of soil N mineralization in a fertilized plot compared to a control would lead to 

an error in calculating NRE. The estimate would be greater than the true NRE value. 

Hart et al., (1986) conducted pot and field studies examining the effects of pool 

substitution on the interpretation of fertilizer experiments with An ANI was observed 

in the pot studies but not in the field study. The pot study was done with two different 

soils. One had an organic carbon (OC) content of 1.6% while the other was 3.8%. The 

addition of fertilizer N to the pots increased soil N uptake in both soils. However, the ANI 

observed in the low OC soil was attributed to pool substitution and denoted 'apparent'. 

Pool substitution also operated in the high OC soil, but here the net mineralization of soil N 

Increased witli increasing additions of fertilizers giving rise to a 'real' ANI. The increase in 

net mineralization however, was attributed to a decrease in immobilization of N as fertilizer 

N additions increased, not by an increase of gross mineralization of N (Hart et al., 1986). 

Studies where both techniques (difference and isotopic dilution) can be employed 

allow for the detection of an ANI by comparing the NRE values obtained from the two 

methods (Stout, 1995). Several researchers have constructed these types of experiments to 

determine the presence of ANI (Hamid and Ahmad, 1993; Stout, 1995; Azam et al., 1991; 
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Hamid and Ahmad, 1995; Rao et al., 1991; Rao et al., 1992). An apparent AMI was 

observed in most of the experiments and was attributed to pool substitution of for '"^N. 

Stout (1995) observed a 'real' ANI in one of the three soils where this experiment was 

conducted. A positive correlation between ANI and N fertilizer rate was observed. This 

'real' ANI response was attributed to the deep subsoil, compared to the other two soils, 

which allowed for greater root exploration and an increased ability to capture a larger 

portion of the applied N (Stout, 1995). 

Rao et al. (1992) observed increasing ANI with increasing N fertilizer rate and time 

of application in a spring wheat pot study. The observed ANI was attributed to pool 

substitution. Levels of OC, soil C/N ratio, fertilizer rates, and fertilizer levels were found 

had the greatest influence on ANI (Rao et al., 1992). In a field study involving spring 

wheat ANI was observed to be dependent also upon method of application (Hamid and 

Ahmad, 1995). ANI increased 59.3%, 42.8%, and 26.3% when fertilizer was applied by 

the broadcast^incorporated method compared to band placement for ammonium nitrate, 

urea, and ammonium sulfate, respectively. 

Azam et al. (1991) conducted both an incubation experiment and a pot experiment 

with maize. A four-week incubation period with applied labeled anunonium resulted 

in significant enhancement in mineralization of native soil N (ANI). There was also a 

correlation between rate of N applied and ANI. No ANI was observed in the pot 

experiment and was assumed to be due to the absence of root-driven immobilization and 

pool substitution in maize (Azam et al., 1991). 
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N Volatilization 

Volatilization of N fertilizers can be a significant source of N loss and may be a 

significant factor in reducing fertilizer use efficiencies (FUE). These losses have been 

estimated to range from 20 to 80% of applied N (Catchpoole and Henzel, 1975; Henzel, 

1972; Lemon, 1978; Hargrove et al., 1977; Hargrove and Kissel, 1979; and Power, 1980). 

Ammonia is the third most abundant N species in the troposphere, exceeded by only N2 and 

N2O (Levine et al.,1980). Ammonia in the atmosphere can also become a source of 

pollution due to the aerosol formation of the complex sulfates of ammonia that are 

components of smog and acid rain (Dawson, 1977 and Harper et al., 1983). Ammonia 

based fertilizers such as anhydrous ammonia are relatively inexpensive and contain a high 

analysis of N. This makes them popular sources of fertilizer N. Since 1968, direct 

application of anhydrous NH3 has ranged from 37 to 40% of total N use (Bock and Kissel, 

1988). The use ofN solutions such as urea-ammonium-nitrate (UAN32) has also increased 

during the past 20 years. 

Ammonia volatilization losses are influenced by many factors including soil pH, 

soil texture, temperature, soil water content, and air exchange (Bock and Kissel, 1988). 

Ferguson et al. (1984) found that an increase in the HT buffering capacity of the soil 

reduced soil pH and thereby reduced loss of fertilizer N through volatilization. This 

research indicated that soil H^ buffering capacity is a better indicator of potential NH3 

volatilization that soil pH. Clay et al. (1990) investigated the effects of soil temperature, 

soil water content, and nitrification and hydrolysis inhibitors on NH3 volatilization. 
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Ammonia volatilization was highest in the field under conditions of daily maximum soil 

temperature and decreasing water content. A 100-fold decrease in NH3 volatilization was 

observed in treatments of urea plus N-(n-butyl) thiophosphoric triamide (NBPT), a urease 

enzyme inhibitor (Clay et al., 1990). 

Fertilizer management techniques have also been demonstrated to have an influence 

on NH3 volatilization. The source of fertilizer N will obviously affect potential 

volatilization. Several studies have shown that for non-calcareous soils NH3 loss potential 

is greatest with urea then UAN solutions and least with NH4^ salt fertilizers (Keller and 

Mengel, 1986 and Urban et al., 1987). In calcareous soils, however the greatest potential 

loss was found with ammonium sulfate and much less for urea (Hargrove et al., 1977). 

Fertilizer application method also influences NH3 volatilization. Broadcast unincorporated 

fertilizers have the greatest potential for loss. Soil incorporation of the fertilizer greatiy 

reduces the volatilization potential (Mengel et al., 1982). 

Application of N fertilizers through irrigation water has become increasingly 

popular. This method allows the producer to apply fertilizer with a minimal cost of 

application. However, in open irrigation systems such as furrow and sprinkler irrigation 

there is a potential for NH3 volatilization from the water prior to entering the soil. This is 

especially true for based fertilizers and any other form containing free NH3 such as 

anhydrous NH3 and can be exacerbated by high pH waters (Reference, ????). Miyamoto et 

al. (1975) reported N losses of up to 73% from irrigation waters. 
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The literature contains ample information on NH3 volatilization losses from soils 

and various cropping systems however, little information and research has been conducted 

on N loss from irrigation waters through volatilization. 
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DISSERTATION FORMAT 

Included in this document as Appendix A, B, and C are three manuscripts that 

will be submitted for publication. 

Appendix A contains a manuscript entitled 'Development of the University of 

Arizona Crop Monitoring System'. This is a software package that was developed 

conceptually by several people including Dr. Jeffrey C. Silvertooth, Dr. Bryan L. Unruh 

and the author. The author developed the software package itself. This document will be 

published as an instruction manual that will accompany the software as a University of 

Arizona Extension publication. 

Appendix B contains a manuscript entitled 'Evaluation of Added Nitrogen 

Interaction Effects in Irrigated Cotton' which will be submitted for publication to 

Agronomy Journal. 

Appendix C contains the manuscript entitled 'Nitrogen Volatilization firom 

Arizona Irrigation Waters' which will be submitted for publication to Soil Science 

Society of America Journal. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in these papers. 

All three papers included in this dissertation have the goal of increasing the 

efficiency with which crops are grown and produced in the desert Southwest. 

Crop Monitoring System Development 

This software was developed as an implementation tool and end product to over 

ten years of research into cotton crop monitoring. The development and validation of 

crop monitoring indices such as fhiit retention, height to node ratio, nodes above top 

white bloom, and petiole NOj'-N concentrations has been an ongoing component of the 

cotton agronomy program at the University of Arizona. All of these indices have been 

validated and proven to be effective as management tools for cotton grown in the desert 

regions of Arizona. The software allows for the entry of crop growth and development 

data, along with other crop inputs such as irrigation, fertilization, and plant growth 

regulator information. The system is fully automated and summarizes all information on 

a single 8.S"xl 1" sheet of paper. All growth indices are plotted against long-term 

baselines to indicate the crops status in relation to normal growth patterns. The program 

makes no recommendations for management but provides information that can be 

interpreted by the user and helpful in making management decisions. Other University of 



47 

Arizona extension publications are available that are directed at helping the user interpret 

the data and how best to use it in making management decisions. 

Evaluation of Added Nitrogen Interaction Effects in Irrigated Cotton 

Determining the efficiency with which fertilizer N is utilized by a crop is essential 

in developing and refining fertilizer N application recommendations. Many factors can 

influence the accuracy of N fertilizer recovery estimates. Some of these factors are 

within the control of the researcher while others are not. One that is not is ANI. Impacts 

of ANI can lead to both under and over estimations of the true value of the NRE. The 

effects of NRE under desert cotton production systems were evaluated by comparing two 

methods of determining NREs, the difference technique and the isotopic dilution 

technique. These two techniques can be influenced by ANI in different ways. ANI 

effects on the difference technique can lead to over estimations of the true NRE while the 

isotopic dilution technique can lead to under estimations of NREs due to ANI. In this 

particular two-year study we found no ANI under field conditions in the first year, 1997. 

However in 1999, we observed a 'real' ANI affecting the difference technique due to 

abnormally high vegetative growth experienced by the crop. This increased vigorous 

growth led to greater exploration of the soil and increased uptake of soil N in plots 

receiving fertilizer N. The ANI experienced in 1999 was likely due to a combination of 

increased vegetative growth of the plant along with increased root growth stimulated by 

the addition of fertilizer N. 
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N Volatilization From Arizona Irrigation Waters 

A major form fertilizer N loss is ammonia volatilization. Researchers have 

extensively looked at N loss through volatilization from field-applied fertilizers. With an 

increase in the practice of applying liquid fertilizers through the irrigation water it is also 

critical to identify potential losses from irrigation waters. This study was conducted to 

examine the loss of N from several different sources of irrigation water around the state 

of Arizona and to observe the effects of temperature on N loss. Ammonium sulfate was 

added to a 350 ml volume of water that was placed in a water bath to maintain constant 

temperature. Aliquots were drawn at specific time intervals and analyzed for NH4*-N. 

Each of the ten sources was replicated four times and observed at 25,30,35, and 40°C. 

Loss of fertilizer N through volatilization was highly temperature dependent. In a 24 

hour period up to 90% of the added N was lost at 40°C. At lower temperatures that loss 

was reduced to 30-50% in a 24 hour period. At lower temperatures ion pair formation 

and complexation of the NFU"" in solution reduced NH3 volatilization. Water quality 

characteristics also influenced N loss due to volatilization. In general, as soluble salts 

increased the rate at which NH3 was volatilizes also increased. However, if the soluble 

salt concentration consisted of high levels of S04^' the rate of N loss was suppressed due 

to the decreased solubility of (NH4)2S04 as a result of the 'conunon ion' effect. The 

results from this study indicate the need to consider potential N losses from irrigation 

water when making decisions regarding N fertilizer management. 
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APPENDIX A 
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Cotton production in the desert Southwest is commonly characterized by high 

input production practices that usually result in high yields. Among the inputs that are 

involved in this intensive production scenario include first and foremost water. Other 

inputs include pest control, fertilizer nitrogen (N), and plant growth regulators. Since 

cotton is very responsive to inputs, such as water and fertilizer N, management of these 

inputs is critical to achieve not only maximum agronomic but also economic yield. As 

the US cotton industry moves towards a more open and free market with less government 

support, efficient management of these inputs becomes increasingly important. 

Producers need to be very critical of what is put into the crop and have a relatively good 

assurance that a specific input is actually having a positive effect on the crop. 

One method that has been proposed which can lead to more efficient management 

of inputs is the use of a 'feedback' approach to input management. This is contrasted by 

a 'scheduled' approach, which involves the scheduluig of inputs based upon a calendar or 

days after planting. The 'feedback' approach to input management involves the use of 

crop monitoring in order to ascertain the past and current status of the crop and then using 

that information in order to make informed management decisions. 
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There are three important aspects that need to be understood in order to be able to 

use crop monitoring in an efficient manner. The first is collection of data. Data 

collection must be made in a uniform and consistent manner across all management units 

and across years if the objective is to develop long-term trends for a given farm. The 

second aspect Is management of collected data. Collection of crop monitoring data or 

plant mapping data does little good if it cannot be summarized into a form that is useful 

and relatively easy to manage. The third is probably the most important of the three. 

This involves the interpretation of the data and then utilizing the information in 

management decisions that hopefully will serve to increase the efficiency of the 

production system. 

In an effort to address point number two, management and sununary of collected 

crop monitoring data, we have developed a simple software program that can be used to 

manage and summarize data collected fix)m a crop over the season. The software was 

developed using Microsoft Excel and is simply a tool to summarize crop monitoring data. 

The software does not provide any recommendations with regards to management but 

merely summarizes on one 8.S"xl 1" sheet all the data that is entered into the system 

(Figure 1). 

The system consists of several pages, each of which allows for the input of different 

crop monitoring/input data. These pages include: 

• General information page: This page allows for the input of field identifiers, variety, 

planting date, plant population, and acres. 
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• Plant mapping data entry page: This page allows for the input of plant mapping data 

collected for a given date. This page has the capacity for the entry of IS individual 

dates of sampling over the season. In order to calculate percent firuit estimates and 

height to node ratios all plant mapping data must be entered. This data includes plant 

height, first fruiting branch, number of mainstem nodes, number of aborted or 

missing sites for first positions (pre-bloom), and first two positions (post first-bloom), 

and nodes above top white flower. 

• Irrigation information page: This page allows for the input of irrigation event 

information including; start date, stop date, and total amount of water applied to the 

field (acre-ft.). Amount of water applied (acre-in.) per acre is calculated. This page 

has the capacity for 15 irrigation events across the season. 

• Fertilizer N information page: This page allows for the input of fertilizer N event 

information including; date of event, form of fertilizer used, rate of fertilizer used, 

and rate of N applied to field. 

• Petiole NO3 '-N analysis information page: This page allows for the input of petiole 

analysis (ppm NO3 ~N) information for IS dates of sampling across the season. 

• PIX/PGR information page: This page allows for the input of information regarding 

PIX or other PGR applications including application date, products used, and rate 

applied. 
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All of the information put into the preceding pages is then summarized on the 

summary sheet (Figure 1), which can be printed out. All plant mapping information i.e., 

fruit retention estimates (FR), height to node ratios (HNR), petiole nitrate-N values, and 

nodes above white flower estimates are plotted on graphs that contain long-term baselines 

developed for Arizona cotton. All of the plant mapping data is plotted as a function of 

heat units (86/55°F thresholds) accumulated after planting. Heat unit information can be 

obtained from weekly cotton advisories produced for various areas around the state 

throughout the cotton growing season. An example is shown in Figure 2. This summary 

is for the week of 15 July 1997 in Pinal County. For a given planting date, an estimate 

for HUAP can be obtained. In this example a planting date of 13 March would result in 

HUAP = 1647. 

All other information i.e., irrigation events, fertilizer N events, FIX/PGR events 

are ail tabulated on the summary sheet with running totals. Irrigation, fertilization, and 

FIX/PGR events are identified on the FR and HNR graphs with markers to track these 

events along with plant mapping trends. 

Basic requirements for the software include; a machine (at least a 486, preferably 

Pentium based) that is capable of operating Microsoft Excel 7.0 (version of Excel 

included in Office 95) or greater. The software was available through the University of 

Arizona Cooperative Extension beginning in the 1998 growing season. 
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The University of Arizona 
Cotton iVIonitoring System 

E.R. Norton 
J.C. Silvertooth 

0 Link to page where general field information is entered and edited. 

© Link to page where irrigation records are entered and updated. 

(D Link to page where petiole NOa'-N results are entered and updated. 

® Link to view updated summary sheet. 

® Litik to page where all plant mapping data is entered and updated. 

© Link to page where fertilizer N records are entered and updated. 

® Link to page where PIX™/PGR records are entered and updated. 

® Link to update summary sheet including all graphs and figures. 

® Link to print summary sheet. 



© Text entry cell. Enter account for which this field pertains. 

® Text entry cell. Enter Grower for which this field pertains. 

(S) Text entry cell. Enter the Ranch identifier for which this field pertains. 

© Text entry cell. Enter field identifier. 

® Text entry cell. Enter variety for this field. 

© Text entry cell (date format • mm/dd). Enter planting date for this field. 

® Text entry cell. Enter approximate plant population for this field. 

® Numeric entry cell. Enter acreage for this field. This number will be used 
calculations to determine irrigation amounts. 

® Text entry cell. Enter the season/year for this field 
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0 Text entry cell (date format - nun/dd) Enter date for which plant mapping sample was 
taken. 

(D Numeric entry cell. Enter heat units accumulated after planting for which plant 
mapping sample was taken (data can be obtained from UA cotton advisories. 
Figure 1). 

® Numeric entry cell (either 0 or 1). This cell will determine how fruit retention 
estimates are calculated. By entering a 0 the program will calculate fruit retention 
based upon the first fruiting position on each fruiting branch. Entering a 1 will 
have the program calculate ^t retention based upon the first two sites on each 
fruiting branch. UA cotton agronomy recommendations are to map first position 
fhiit on each fruiting branch prior to first bloom. Post first bloom is done by 
mapping the first two positions on each fruiting branch. 

® Numeric entry cells. Enter the five plant height measurments (inches) for this sample 
date. 

(D Numeric entry cells. Enter the five first fruiting branch measurements for this sample 
date. 

© Numeric entry cells. Enter the five mainstem node nimiber measurements for this 
sample date. 

® Numeric entry cells. Enter the five aborted and missing site measurements for this 
sample date. 

® Numeric entry cells. Enter the five nodes above white bloom measurements for this 
sample date (post first bloom only). 
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® Numeric entry cell. Enter heat units accumulated since planting for this irrigation 
events. This data is used to plot the irrigation event on the firuit retention graph 
(data can be obtained from UA cotton advisories, Figure 1). 

CD Text entry cell (date format - nrni/dd) Enter date for which irrigation event began. 

0 Text entry cell (date format - nmi/dd) Enter date for which irrigation event ended. 

® No data entry - calculation cell. This cell calculates the irrigation interval between the 
current and the one event previous. 

(D Numeric entry cells. Enter the amount of irrigation water applied (acre-feet). 

(D No data entry - calculation cell. This cell calculates the amount of water applied in 
acre-inches. 
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® Text entry cell (date format-mm/dd) Enter date for which petiole sample was taken. 

® Numeric entry cell. Enter heat units accumulated since planting for the date this 
petiole sample was collected (data can be obtained from UA cotton advisories. 
Figure I). 

® Numeric entry cell. Enter value for petiole NOs'-N analysis. 
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0 Numeric entry cell. Enter heat units accumulated since planting for this fertilization 
event. This data is used to plot the fertilization event on the fruit retention graph 
(data can be obtained from UA cotton advisories. Figure I). 

® Text entry cell (date format • mm/dd) Enter date for which fertilization event 
occured. 

(D Text entry cell. Entry the form of fertilizer N used for this event. 

® Numeric entry cell. Enter the rate at which fertilizer was applied (lbs/acre). 

® Numeric entry cell. Enter the rate at which fertilizer N was applied (lbs N/acre). 
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0 Numeric entry cell. Enter heat units accumulated since planting for this PIX/PGR 
event. This data is used to plot the PIX/PGR event on the height to node ratio 
graph (data can be obtained fix)m UA cotton advisories. Figure I). 

® Text entry cell (date format - mm/dd) Enter date for which PIX/PGR event occured. 

® Text entry cell. Entry the enter the product used for this event. 

0 Text entry cell. Enter the rate at which PIX/PGR was applied. 



61 

ING 

PINAL COUNTY COTTON DEVELOPMENT ADVISORY 
JUN 15, 1997 

•/- normal 

Pin Sus 

I 

I 
I 

••• 1796 

I 
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I 
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I 
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1" 
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•11 days 
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Terminate 
head Sq. Flowr Boll 

0  4 0 0  9 0 0  1200 1600 2000 2400 2800 3200 3600 
HEAT UNITS ACCUMULATED FROM PLANTING to JUN 14 

V - Heat Units on JUN 7; S,M,F - Short, Medium, and Full Season Varieties 

INSECT UPDATE 

Sweep for Lyqus; treat if there are 15-20 total Lygus/lOO sweeps. Fields near 

recently cut alfalfa may harbor high, yet temporary, populations of adults. 
Check for nymphs i survey for damaged squares (25%) oefore treating. WFs may be 

found in many fields via sweepnet. Confirm their ID 6 start leaf-turn sampling. 
3 species may be present: greenhouse (pupae: long hairs; adults: overlapping 

wings), bandedwinged (darker pupae: short fringe; adults: bands) & sweetpotato 
(naked pupae; adults: yellow bodies £ slightly parted wings). Consider ICRs 

when there are 3-5 adults per leaf ( 1 large, visible nymph per disk on the 5ch 

main stem leaf below the terminal OR 39-57% infested leaves (with 3 or more 
adjlzs} 4 -10% infested disks (with 1 or ffiore nymphs) in 30 samples (pee 6/15). 

JUN 15 - JUN 21 WEATHER 

WE£f^ 
HIGH LOW HEAT UNITS 

3 0  yr Norm.: 104 64 165 

Last Year : 108 68 176 

WEATHER UPDATE, STATISTICS 4 ESTIMATED COTTON WATER USE 

Mostly sunny with warm days and mild nights. Temperatures shouia run about 2 

degrees above normal for the week. Little chance for rain in central and western 
areas; slight chance for showers in southeastern areas late in the week. 

Ccoi June weather does not mean reduced crop water use. Solar radiation (SR) 

is the main factor driving crop water use and recent cool, dry weather makes for 
intense SR. Monitor soil moisture and avoid water stress during flowering. 

Heat Units (HU) are running about 13 days ahead of normal. HU last week - 160. 
Heat Unit accumulation since Jan 1 - 2034; Last year - 2001; 30 year normal • 1740. 

Planting date : 3/1 3/15 4/1 4/15 5/1 
Wacer Use (last week): 2.27" 1.98** 1.55** 1.33** .78** 

AGRONOMY UPDATE 

Fields planted through early April should be blooming, or very close to it, by 
now. Taking into account the first two fruiting sites on ail fruiting branches 
we would like to see at least about 751 fruit retention (FR) levels at this 
stage. It is not uncommon to find fields right now with FR levels below 75%, 

however, there are many fields with excellent FR. In some fields with low FR, 
insects are not a problem and the square abortion rates seem to be due to wind 

and square dessication. If that is the case, irrigations should be scheduled 

to prevent water stress and encourage plant vigor. Plant vigor can be easily 

cnecked with a height:node ratio (HNR). If HNRs are increasing 01.2) and FR 
levels are low, PGR applications may need to be considered. (JCS 6/14/97) . 

Figure 1. Example of UA conon advisoiy for Pinal County for the week of 15 June 1997. 
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Figure 2. A representative example of a summary sheet with data entered. 
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Abstract 

Studies were conducted in 1997 and 1999 at the University of Arizona Maricopa 

Agricultural Center (MAC) to evaluate the added nitrogen interaction (ANI) or 'priming 

effect' on the determination of nitrogen recovery efficiencies (NRE) in Upland cotton 

(Gossvpium hirsutum L.). Overall growth patterns of the crop were significantly 

different between the two years. In 1997 the crop experienced a favorable balance 

between reproductive and vegetative growth. NRE estimates were 34.71 and 34.67 for 

treatment 1 and 25.17 and 26.04 for treatment 2 for the difference and isotopic dilution 

technique respectively. In 1999, however, the crop experienced very poor fhiit load and 

vigorous vegetative growth. This resulted in a crop that produced much more vegetative 

dry matter at the expense of reproductive dry matter (yield). Higher NRE estimates using 

the difference technique (50.75 and 40.50 for treatments 1 and 2 respectively) were 

observed when compared to the isotopic dilution technique (32.25 and 35.16 for 

treatments 1 and 2 respectively). Higher amounts of soil N taken up by the plant was also 

observed in 1999 when compared to 1997. Although differences in NRE estimates using 

the two techniques were not statistically different, obvious trends were observed. The 

isotopic dilution technique appears to be more stable and impacted less by the 

indeterminate and variable growth patterns of the cotton plant. The less expensive and 

simpler difference technique appears to be sufficient under 'normal' growth conditions 

but is influenced by ANI under conditions of less than optimum growth patterns. 
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Introduction 

Nitrogen (N) is one of the most limiting factors in cotton (Gossypium spp.) 

production systems in the desert Southwest. A deficiency of N is most readily observed 

with the yellowing of older (lower) leaves first. Subsequent yellowing of young tissue 

will occur with increasing deficiency. Slow and stunted growth is also observed with 

deficient levels of N in the plant. Despite the large concentrations of N in the soil a 

relatively small fi^ction is found in the inorganic forms available for plant uptake and 

utilization. Supplemental fertilizer is nearly always added in the form of inorganic 

fertilizers in order to supply sufficient levels of N for crop needs. Due to the relatively 

inexpensive nature of N fertilizers in irrigated crop production systems, amounts are 

of^en applied in excess of crop demands to insure adequate levels. This practice often 

leads to very low fertilizer use efficiencies and unnecessary increases in production costs. 

Strategies have been developed to increase fertilizer use efficiencies to help producers 

trim production costs and to avoid potential environmental hazards conunonly associated 

with excessive N fertilization. 

The ability to accurately measure and assess fertilizer efficiency is critical in 

developing new and refining existing fertilizer N man^ement techniques. The two 

techniques that are commonly used to determine fertilizer use efficiency are the 

difference technique and the isotopic dilution technique. The most common method for 

determining NRE has been the difference technique. The difference technique involves 

comparing the amount of total N uptake in the fertilized plot to that in an unfertilized 

plot. This difference is considered to be the amount of N recovered from fertilizer. 



67 

Nitrogen recovery efficiency (NRE) using the difference technique can be calculated 

using equation 1, 

NF -NC 
«100 (eqn. 1) 

NR 

where: NF = total N uptake in the fertilized plot (kg N ha"'); NC = total N uptake in the 

unfertilized check plot (kg N ha"'); and NR = fertilizer N rate applied (kg N ha"'). 

The assumption associated with this technique is that soil N transformations 

including mineralization inmiobilization turnover (MIT) are essentially the same in both 

the fertilized and unfertilized plots (Hauck and Bremner, 1976). Bingeman et. al. (1953) 

found an increase in the decomposition of an organic soil with the addition of fresh 

organic material. Bingeman et al. referred to this phenomenon as the 'priming effect'. 

This priming effect is defmed as the stimulation of soil organic matter decomposition due 

to the addition of N or fresh organic matter (Rao et. al., 1992). 

Several researchers have conducted studies in an effort to determine the factors 

influencing the increased availability of soil N in fertilized plots. Westerman and Kurtz 

(1973) found that the addition of fertilizer N stimulated microbial activity in the soil, thus 

releasing native soil N through mineralization. Nitrification of anmionium and amide 

fertilizers causing acid hydrolysis of soil organic substances was reported by Turchin 

(1964) to have increased available soil N with the addition of fertilizer. Olson and 

Swallow (1984) discovered increased root growth in plots to which fertilizer N had been 

applied resulting in increased soil N availability. Broadbent (1965) attributed an increase 

in mineralized N to the osmotic effects of the addition of fertilizer salts. These osmotic 

effects led to microbial ceil breakdown and increased mineralization. The occurrences of 



68 

these factors potentially violate the assumption that soil N processes are essentially the 

same in fertilized as compared to unfertilized plots. This would result in an over-

estimation of the true NRE value due to the increased soil N uptake in the fertilized plots. 

The second technique, isotopic dilution, is a technique utilizing a naturally 

occurring, stable isotope of N, Fertilizers that have been enriched with can be 

used to trace the recovery and fate of applied fertilizer N. NRE values calculated using 

this technique are thought to be more accurate because serves as an explicit 

measurement of the fertilizer N recovered. Nitrogen recovery efficiencies using the 

isotopic dilution technique can be calculated using equation 2, 

AWf =^£f||.100 (eqn.2) 

where: P = total N uptake (kg N ha"'); F = total applied fertilizer N (kg N ha"'); A = atom % 

in fertilizer; B = atom % in plants grown with unlabeled fertilizer, and C = atom % 

in plants grown with labeled fertilizer. 

Assumptions associated with using this technique outlined by Hauck and Bremner 

(1976) include the following: (i) complex elements (those containing two or more isotopes) 

have a constant isotope composition; (ii) living systems can distinguish one isotope from 

another of the same element only with difficulty, if at all; and (iii) the chemical identity of 

the isotopes is maintained in biochemical systems. 

The isotopic dilution technique is subject to errors just as the difference technique. 

The substitution of for '"'N in soil chemical reactions can lead to the unavailability of 

through immobilization. This process of 'pool substitution' can lead to under-

estimations of the true NRE value. Isotopic displacement reactions can also lead to under



estimated NRE values. Researchers (Mengel and Scherer, 1981; Preston, 1982) have found 

that a variable but substantial fraction of added NHt^ could not be readily extracted by a 

leaching solution such as KCl. They also found that this N later became available to plants 

for uptake. This indicates a temporary fixation of added NH4^ rendering it unavailable for 

uptake thus leading to under-estimated NRE values. Displacement reactions within the soil 

microbial biomass can also account for decreased NRE values (Jenkinson et al., 1985). 

The different factors influencing NREs calculated by both techniques that lead to 

over- or under- estimations of true NREs are collectively referred to as added nitrogen 

interaction (ANI). Jenkinson et. al. (1985), in a theoretical study of ANIs described two 

types of ANI. The first is referred to as an 'apparent' ANI, An apparent ANI can result 

from the effects of pool substitution where immobilization of added N may occur during 

the decomposition of soil organic matter. This will most readily affect NRE values 

calculated using the isotopic dilution technique through immobilization of added labeled 

fertilizer thus reducing the pool of available for plant uptake. This can occur in both 

the absence and presence of plants (Jenkinson et al., 1985). In the presence of plants this 

immobilization can occur with the decomposition of roots and root exudates. In the 

absence of plants available labeled fertilizer N can be lost through other sources such as 

denitrification and volatilization which also leads to a decrease in the availability of added 

fertilizer N and an under-estimated value for NRE. Processes that occur within the soil that 

are considered to not cause ANI are those that are not dependent upon quantity of fertilizer 

N added. This includes leaching losses of fertilizer N (Jenkinson et al., 1985). 

The second is referred to as a 'real' ANI. Theoretically this is caused by the 

stimulation of root proliferation or microbial activity with the addition of fertilizer N. 
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Zapozhnikov (1968) measured increased root growth of 32% and 11% with the addition of 

labeled NH4^-N and NOs'-N respectively. In a lysimeter study conducted by De-Nobili 

et al. (1992) a real ANI was observed with increased root biomass in a mixture of grasses. 

Increased uptake of soil N was observed and attributed to the increased root growth in the 

oxamide treated lysimeter. Other investigators have proposed that increased root growth 

was the cause of a real ANI but very few have actually attempted to demonstrate it (Stout, 

1995; Rennie and Fried, 1971; Hills et al., 1978). A 'real' ANI is most likely to affect 

NRE calculations based upon the difference technique. Increased root growth and 

stimulation of soil N mineralization in a fertilized plot compared to a control would lead to 

an error in calculating NRE. The estimate would be greater than the true NRE value. 

Hart et al. (1986) conducted pot and field studies examining the effects of pool 

substitution on the interpretation of fertilizer experiments with An ANI was observed 

in the pot studies but not in the field study. The pot study was done with two different 

soils. One had an organic carbon (OC) content of 1.6% while the other was 3.8% OC. The 

addition of fertilizer N to the pots increased soil N uptake in both soils. However, the ANI 

observed in the low OC soil was attributed to pool substitution and denoted as 'apparent'. 

Pool substitution also operated in the high OC soil, but here the net mineralization of soil N 

increased with increasing additions of fertilizers giving rise to a 'real' ANI. The increase in 

net mineralization however, was attributed to a decrease in immobilization of N as fertilizer 

N additions increased, not by an increase of gross mineralization of N (Hart et al., 1986). 

i Studies where both techniques (difference and isotopic dilution) can be employed 
i 

! allow for the detection of an ANI by comparing the NRE values obtained from the two 

methods (Stout, 1995). Several researchers have constructed these types of experiments to 

I 
i I 
I 



determine the presence of ANI (Hamid and Ahmad, 1993; Stout, 1995; Azam et. al., 1991; 

Hamid and Ahmad, 1995; Rao et al., 1991; Rao et. al., 1992). An apparent ANI was 

commonly observed in most of the experiments and was attributed to pool substitution of 

for 'V. Stout (1995) observed a 'real' ANI in one of the three soils where this 

experiment was conducted. A positive correlation between ANI and N fertilizer rate was 

observed. This 'real' ANI response was attributed to deep subsoil compared to the other 

two soils, which allowed for greater root exploration and an increased ability to capture a 

larger portion of the applied N (Stout, 1995). 

Rao (1992) observed increasing ANI with increasing N fertilizer rate and time of 

application in a spring wheat pot study. The observed ANI was attributed to pool 

substitution. Levels of organic carbon (OC), soil C/N ratio, fertilizer rates, and fertilizer N 

levels were found to have the greatest influence on ANI (Rao, 1992). In a field study 

involving spring wheat ANI was dependent also upon method of application (Hamid and 

Ahmad, 1995). The ANI increased 59%, 42%, and 26% when fertilizer N was applied by 

the broadcast/incorporated method as compared to band placement for ammonium nitrate, 

urea, and ammonium sulfate respectively. 

The objective of this study was to examine the NRE estimations using the two 

techniques, and then by comparing the techniques determine if any type of ANI could be 

observed in the field under an irrigated cotton production system. 
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Materiab and Methods 

Two studies were conducted on a Casa Grande sandy loam soil (fine-loamy, 

mixed, hyperthermic, Typic Natriargid (reclaimed) at the University of Arizona Maricopa 

Agricultural Center (MAC) located northwest of Casa Grande, AZ (361 m elevation) in 

1997 and 1999. Treatments consisted of a check, receiving 0 fertilizer N, and two N 

fertilizer application treatments. The three treatments were arranged in a randomized 

complete block design with four replications. Treatment 1 is the University of Arizona 

recommended N management regime based upon a feedback approach utilizing crop 

monitoring techniques (Silvertooth and Norton, 1998). Treatment 2 was twice the rate of 

treatment 1. Treaunents and application dates are shown in Table 1 for 1997 and 1999. 

Macroplots used to determine NRE by the difference technique consisted of 8, Im rows 

wide and extended the full length of the irrigation run (180 m). All fertilizer N was 

applied as ammonium sulfate ((NH4)2S04) with a side dress application rig. 

An open microplot technique (Silvertooth et al., 2000) was employed to 

determine NRE using the isotopic dilution technique. Microplots consisted of 4, Im wide 

rows extending Im in length. Microplots were located within macroplots receiving 0 

fertilizer N. Microplot treatments were managed in an identical manner except for the 

fertilizer N applied. In the microplots, fertilizer N was applied as 5 atom % 

enriched ammonium sulfate (('^NH4)2S04). Applications were made in a simulated 

sidedress fashion by cutting a trench in the side of the bed to which a solution (500 mL) 

containing the fertilizer N was applied evenly and quickly covered with soil. 
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Plots were managed optimally with respect to all other production practices. A 

set of basic plant measurements were taken during the season, which allowed for tracking 

crop development toward maturity and also to asses the reproductive/vegetative balance 

of the crop in relation to established baselines for this region (Silvertooth and Norton, 

1998). Basic plant measurements were collected on 14 day intervals and included: plant 

height, number of mainstem nodes, occurrence of first fhiiting branch, number of aborted 

or missing sites on first two positions of each fruiting branch, number of nodes above the 

top white bloom, number of blooms per unit area (IS m^), and percent canopy closure. 

At the end of the season whole plant samples (above ground) were collected from 

a 1 m^ area in each plot. Seedcotton was separated and giimed. The remaining plant dry 

matter (stover) was also collected and dried. Both the seed and stover portions were 

passed through a large hammer-mill followed by a Wylie mill. Sub-samples were further 

ground to a very fine powder and subjected to total N and isotope ratio analysis by use of 

a Carlo-Erba N/A ISOO Elemental Analyzer and a VG Isomass mass spectrometer. Soil 

samples were also collected from the microplots to a depth of 180 cm by 30 cm 

increments for which total N and atom percent Total N uptake for each plot was 

calculated. Estimates of N derived from both soil and fertilizer N were estimated. NRE 

estimates were then calculated using the two methods described earlier. Statistical 

analysis were performed as outlined by Gomez and Gomez (1984) and the SAS Institute 

(1994) to detect differences between the NRE estimates as determined by the two 

methods. 
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Results and Discussion 

Total N uptake (Fig. I) in 1997 was lower than in 1999 for all three treatments. 

This can be explained by the lower overall yields observed in 1999 as compared to 1997 

(Fig. 2). Figure 3 shows the relationship between lint yield and total N uptake for both 

years. In 1997 a positive relationship was observed, whereas in 1999 an inverse 

relationship was observed. The fruit retention (FR) patterns and resultant source-sink 

relationships experienced in the 1999 crop can explain this inverse relationship. Plant 

measurement data collected in 1997 and 1999 illustrate that FR patterns were 

significantly different. In 1999 FR patterns were near or below the established baseline 

for this region (long-term averages) according to Silvertooth and Norton, 1998 (Fig. 4A). 

Results of FR patterns in 1997 illustrate above average FR patterns during the majority of 

the season (Fig. 5 A). The higher FR patterns in 1997 resulted in higher yields and a more 

balanced (vegetative/reproductive) crop as indicated by the height to node ratio (HNR) 

graph (Fig. 5B). The high rates of N applied in 1999 led to excessive vegetative growth 

as indicated by the HNR (Fig. 4B) when the crop had a low level of FR (Fig. 4 A), which 

in turn led to decreased yields. Increased N uptake resulted in an increase in vegetative 

growth rather than reproductive growth. Total dry matter accumulations (Fig. 6) 

illustrate the differences between 1997 and 1999. Total dry matter production was 

statistically significantly higher in 1999 due to increased vegetative production. 

Figure 7 describes the NRE observed for treatments 1 and 2 using the difference 

technique. Decreasing NRE's were observed with increasing N rates. Using the 

difference technique NRE's of approximately 20 to 40% in 1997 and 40 to 50% in 1999 

were observed. 
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Estimates for NRE using the isotopic technique are presented in Fig. 7. The 

recovery efficiencies for both 1997 and 1999 ranged from 25 to 35%. Less variation is 

associated with the isotopic dilution technique compared to the difference technique as 

evidenced by the standard errors associated with the means (Fig. 7). 

Comparisons between the two methods for both treatments and years are shown in 

Fig. 7. The results show very little difference between the two methods for either 

treatment in 1997. Table 2 lists analysis of variance results for the comparisons between 

the two methods for both years and treatments. Differences between the two methods 

were small in 1997. Differences in 1999 were much more pronounced, but due to the 

high degree of variation in the difference technique no significant differences were 

declared (Table 2). However, results from the comparisons in 1999 demonstrate the 

possible presence of an ANI. Estimations of NRE using the difference technique were 

higher than those using the isotopic dilution technique for both treatments. A 'real' ANI 

would lead to an over-estimation of the true NRE estimated by the difference technique. 

As stated earlier one explanation for a 'real' ANI is increased root exploration in 

fertilized versus unfertilized plots. Analysis and measurement of root growth was not 

performed in this study. However, the increased vegetative growth rates experienced in 

1999 explain the differences between the two techniques observed in 1999 and its 

absence 1997. Increases in root growth associated with the increased growth in the above 

ground portion of the plant could have led to these differences in 1999. Researchers have 

found that root growth in cotton increases with an increase in the growth of the above 

ground portion of the plant (Taylor and Klepper, 1974). Estimates of the source of N 

uptake in the two treatments for 1997 and 1999 are presented in Fig. 8. The results 
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presented from these studies indicate that plant uptake of indigenous soil N was much 

higher in 1999 than in 1997. However, this increase does not appear to have been 

stimulated by the addition of fertilizer N. 

Soil recovery of fertilizer N by depth for 1999 is shown in Fig. 9. Recovery 

patterns reveal that the majority of the fertilizer N was recovered in the top 30-60 cm. 

Treatment 1 had higher recovery in the upper portions of the profile than treatment 2. 

Treatment 2 had higher recoveries at lower portions of the profile indicating that with 

higher rates of N the potential for loss of fertilizer N through leaching increases. 

Total recoveries from both soil and plant for 1999 are shown in Fig. 10. Total 

recoveries approach approximately 45% for both treatments. In both treatments the 

amount of recovery from the soil is approximately 23-28% of the total fertilizer N 

removed, whereas plant recoveries were 72-77% of the total fertilizer N recovered. Total 

recoveries from both plant and soil leave approximately 55% of applied fertilizer N 

unaccounted for. 

Conclusions 

The cotton plant is very dynamic and complex; capable of redirecting resources 

(carbohydrates, nutrients, etc.) from vegetative to reproductive structures and vice-versa 

throughout the growing season. This allocation of resources is environmentally 

dependant and can result in the loss or gain of fruit retained by the plant. This is due to 

the indeterminate growth pattern and the perennial nature of the plant. These factors 

result in a plant that is often reputed as having the most complex structure of any major 

field crop (Mauney, 1984). This complex structure and indeterminate growth pattern can 
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significantly impact fertilizer N management and efficiency as results from this study 

indicate. In 1997, where vegetative growth was controlled by an adequate fruit load very 

little difference was seen between the two techniques for calculating NRE. This would 

indicate that in a season of'normal' growth patterns the less expensive and easier 

difference technique might prove sufficient for estimating recovery efficiencies of 

fertilizer N. In years where the fruit load is low and vegetative growth is maximized the 

difference technique is more subject to errors and the stability and reliability associated 

with this technique decreases. Recovery efficiencies determined using the isotopic 

dilution technique appear to be more stable and less responsive to growth patterns of the 

crop. 
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Table 1. Fertilizer N application dates and rates for 1997 and 1999. 
Date of Application Treatments 
1997 1999 Control 1 2 

k g N h a '  
14 May 28 May 0 56 112 
9 June 14 June 0 S6 112 
20 June 24 June 0 56 112 

Total: 0 168 336 

Table 2. Statistical comparisons (analysis of variance) of NRE determination techniques, 
1997 and 1999. 

N Fertilizer Recovery EfHciency 
1997 1999 

1 2 1 2 
Difference 34.71 25.17 50.75 40.50 
Isotopic Dilution 34.67 26.04 32.25 35.16 
LSDt NS NS NS NS 
OSLt 0.9976 0.9389 0.3645 0.6735 
C.V. (%)t 45.1 48.0 59.1 42.9 
% Least significant difference 
t Observed significance level 
t Coefficient of variation 
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Fig. 1. Mean total N uptake and standard error for each treatment in 1997 and 1999. 
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Fig. 2. Mean lint yield estimates and standard errors for the control and two treatments in 
1997 and 1999. 
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Fig. 3. Lint yield as a function of total N uptake for 1997 and 1999 with trend lines for 
each year. 
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Fig. 6. Mean total dry matter accumulation and standard error for each treatment in 1997 
and 1999. 
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Fig. 7. Mean NRE estimate comparisons of both techniques and standard error for each 
treatment in 1997 and 1999. 
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Fig. 8. Estimates for source of N (soil or fertilizer) for each treatment in 1997 and 1999. 
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Fig. 9. Fertilizer N recovered from soil for both treatments in 1999 to a depth of 1.8 m in 
0.3 m increments. 
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N Volatilization from Arizona Irrigation Waters 

Abstract 

A laboratory study was initiated to investigate the potential loss of fertilizer 

nitrogen (N) through volatilization at four different temperatures (25,30,35, and 40°C) 

out of irrigation waters collected firom a number of Arizona locations. Complete water 

analysis was conducted on each of the water samples. A 300 ml volume of each water 

was placed in 450 ml beakers open to the atmosphere in a constant temperature water 

bath with 10 mg of analytical grade (NH4)2S04 added to each sample. Small aliquots 

were drawn at specific time intervals over a 24 hour period and then analyzed for NH4^-N 

concentrations. Results showed potential losses from volatilization to be highly 

temperature dependent. Total losses (after 24 hours) ranged from 30-48% at 25®C to over 

90% at 40°C. In this study where (NH4)2S04 was used as the N source, the initial 

concentration of S04'-S in the solution had a repressive effect on volatilization due to the 

decreased availability of free NH4* in waters with high initial S04'-S concentrations due 

to the formation of complex ion pairs (NH4SO4'). It was also observed that at lower 

temperatures complexation and ion pair formation affected volatilization of NH3 by 

reducing the NH4^ activity in solution and thereby reducing NH3 volatilization. Potential 

volatilization loss of fertilizer N from these irrigation waters was found to be significant 

and should be considered when making decisions regarding fertilizer N applications for 

crop production in Arizona. 
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Introduction 

Diatomic nitrogen (N2) is the most abundant element in the earth's atmosphere 

(78% v/v). However, despite large amounts of total nitrogen (N) in the atmosphere, very 

little is available for plant utilization, particularly for plants that are unable to 

symbiotically 'fix' N. Total N in the soil has been reported to occur at levels as high as 

4,000 kg ha ' to a depth of 40 cm (Stevenson, 1982), but very little of the total N 

contained in the soil is available for plant uptake and utilization. Due to the lack of 

available N native to the system, N in the form of manufactured fertilizers is commonly 

applied in crop production systems to produce optimum yields. Total nitrogenous 

fertilizers have been applied in steadily increasing amounts since the early t960's. 

Consumption of ammoniated fertilizers has remained steady while urea consumption has 

risen steadily over the past 30 years. Fertilizer N is a comparatively inexpensive input in 

irrigated crop production systems and to ensure adequate amounts are available to avoid 

deficiency, excess amounts are commonly applied. This can lead to low fertilizer N 

efdciencies, increased costs, and increased potentials for ground and surface water 

pollution. 

Efficient management of N in a soil plant system is often difficult due to the 

various transformations to which N is subjected. Transformations that lead to a loss of 

available N include the conversion of inorganic (available) N to organic (unavailable) N 

through immobilization and the conversion of NOs'-N to N2O and Nj through 

denitrification, losses through NOa'-N leaching, and losses due ammonia volatilization all 

contribute to a decline in efficiency of fertilizer N (Jansson and Persson, 1982). In order 

to increase the efBciency with which fertilizer N is applied and utilized by plants it is 
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critical that an attempt be made to quantify and characterize the potential fates of 

fertilizer N. 

Loss of fertilizer N has been estimated to range from 20% to 80% of applied N 

(Catchpoole and Henzel, 1975; Henzel, 1972; Lemon, 1978; Hargrove et al., 1977; 

Hargrove and Kissel, 1979; and Power, 1980). One potential loss that has become 

increasingly critical with the increase in the use of urea over the past 20 years is ammonia 

volatilization. It has been shown that several factors influence the loss of fertilizer N 

through ammonia volatilization. Ferguson et. al. (1984) found that an increase in the 

hydrogen ion (fT) buffering capacity of the soil reduced soil pH and thereby reduced loss 

of fertilizer N through volatilization. This research indicated that soil buffering 

capacity is a better indicator of potential NH3 volatilization that soil pH. Clay et al. 

(1990) investigated the effects of soil temperature, soil water content, and nitrification 

and hydrolysis inhibitors on NH3 volatilization. Anunonia volatilization was highest in 

the field under conditions of daily maximum soil temperature and decreasing water 

content. A 100-fold decrease in NH3 volatilization was observed in treatments of urea 

plus N-(n-butyi) thiophosphoric triamide (NBPT), a urease enzyme inhibitor (Clay et al., 

1990). 

Sheriock and Goh (1985) described N volatilization from urea to be a function of 

several factors including: (i) hydrolysis rate, which is temperature dependent; (ii) NH3 

exchange between the soil and the atmosphere; (iii) exchange between NH4 in soil 

solution and exchange sites in the soil; and (iv) equilibrium conditions given by the 

following reaction 
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NH4^(aq) <» NH3(aq) <=> NH3(g) Cqil. I. 

Application of N fertilizers through irrigation water has become increasingly 

popular. This method allows the producer to apply fertilizer with minimal costs 

associated with the application. However, in open irrigation systems such as furrow and 

sprinkler irrigation there is a potential for NH3 volatilization from the water prior to 

entering the soil (Miyamoto et al., 1975; Henderson, 1955). This is especially true for 

based fertilizers and any other form containing free NH3 such as anhydrous NH3. 

This problem can be exacerbated by high pH waters (Miyamoto et al., 1975). Henderson 

(1955) found that loss of fertilizer N applied through sprinkler jets was most directly 

correlated to the pH of the fertilizer solution and that by controlling the pH of the 

fertilizer solution mixed with the irrigation water subsequent losses due to volatilization 

were minimized. Volatilization losses were as high as 70% of applied N as the pH of the 

fertilizer solution approached 10 and reduced to less than 10% when pH was maintained 

at 8 or less (Henderson, 1955). 

DuPlessis and Kroontje (1964) showed that an increase in OH' concentration of a 

soil solution would favor a shift to NH3 in the reaction 

NH4" + 0H<»NH4OHc?NH3t + H2O eqn.2. 

An increase in solution pH will lead to an increase in the concentration of NH3 

and thus an increase in the potential for NH3 volatilization. For example, at pH 6.0,7.0, 
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and 8.0 the mole fraction of NH3 in equilibrium with NH4OH and NH4^ is 0.026,0.26, 

and 2.6 respectively (Ferguson, 1984). 

Miyamoto et al. (1975) reported N losses of up to 73% from irrigation waters. 

The addition of NH3 or NHt^ based fertilizers to irrigation water results in the formation 

of various forms of N including: NH3(aq), NH4OH, NHi^ and other ion pairs depending 

upon the ionic composition of the water. A partial pressure gradient of NH3 will develop 

between the irrigation water and the atmosphere. The dissolved anunonia once exposed 

to the atmosphere is then readily subject to volatilization (Miyamoto, 1975). DuPlessis 

and Kroontje (1964) proposed the following set of reactions (eqn. 3 and 4) to describe the 

addition of ammonium sulfate to an aqueous solution. 

CNH4)2S04 o 2NH4* + S04^" eqn. 3 

NH4* + OH- «> NH3 + H2O eqn. 4. 

These equilibrium reactions will be dependent upon several factors including 

temperature and ionic composition of the water (common ion effect, salt effect, 

complexation). Depending on the ionic composition of the solution many other reactions 

will take place affecting the activity of NH3 and thus affecting potential volatilization. 

There has been extensive research quantifying NH3 volatilization losses from soils 

and cropping systems. However, little research has been conducted on N loss from 

irrigation waters through volatilization. The objective of this study was to investigate the 
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loss of fertilizer N through volatilization from irrigation waters from 10 different sources 

in Arizona. The effect of temperature on the rate of N loss was also addressed. 

Materials and Methods 

Ten irrigation waters were collected from various locations in the state of 

Arizona. Complete water analyses were performed for each of the ten water samples 

prior to beginning the laboratory study. Analytical grade ammonium sulfate (10 mg) was 

added to 300 mL of each of the ten water samples in open 450 mL beakers. Beakers 

were then placed in a shaking water bath to maintain constant temperature. Small 

aliquots (10 ml) were drawn starting at time 0 (time of beaker placement into the water 

bath) and at 0.25,0.5,1,2,4,6, 8,12, and 24 hours. Each water sample was replicated 

four times at each of four temperatures (25®C, 30®C, 35®C, and 40°C) for a total of 

1,600 experimental observations. Aliquots were then analyzed for NH4*-N and NOa'-N 

using an Alpkem continuous flow analyzer (Alpkem Corporation, Perstorp Analytical, 

151 Graham Road, P.O. Box 9010, College Station, TX 77842). 

Data was subjected to analysis of variance with temperature as the main effect 

and water source as the subunit effect. Data was also subjected to muti-variate linear 

regression analysis to determine which water quality characteristic most highly correlated 

with loss of N from the irrigation water sample. Linear regression was also performed to 

examine the rate of N loss as a function of time. All statistical analyses were performed 

according to guidelines outlined by Gomez and Gomez (1984) and the SAS intitute 

(1994). 
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Results and Discussion 

The ten Arizona locations associated with each water source are shown in Table 

1. Locations were selected that sampled a variety of agricultural waters used for 

irrigation in locations that ranged from 32 meters to just under 1000 meters in elevation. 

A complete characterization of each of the ten water sources was performed. Results 

from these analyses are shown in Table 2. 

Analysis of Variance 

Percent N loss was calculated for each of the ten water sources at each 

temperature by subtracting the final concentration (time = 24 hours) from the initial 

concentration (time = 0 hours) and dividing by the initial concentration of NH4^-N. 

Results of the overall analysis of variance demonstrated a significant difference due to 

the water source and a significant difference due to temperature with observed 

significance levels (OSL) <0.0001 for both effects. A significant interaction between 

water source and temperature was also observed (OSL = 0.0394). To investigate the 

significant interaction term percent loss was plotted as a function of temperature for each 

of the ten irrigation sources (Fig. 1). Regression of these values was also performed and 

the slopes of the regression equations are presented in Table 3. In general, percent loss of 

N from the water sources with lower concentrations of soluble salts, specifically S04'-S, 

increased as temperature increased, as evidenced by the larger slope value of the 

regression (Table 3). 

Means separation tests were performed using a Student Newman Keuls (SNK) 

comparison of temperature by each source (Table 4). For all water sources, a significant 
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increase in the percent N loss was observed as temperature increased. These differences 

were significant (a = 0.05) for each source (Table 4). Means separations (SNK) were 

also performed comparing water source by each temperature (Table S). Significant 

differences were observed among water sources at each temperature with higher losses of 

N occurring in water sources with lower total dissolved salts, specifically SO4 "-S. 

Regression Analysis 

Linear regression analysis was performed examining the fraction of NHt^-N loss 

as a function of time (Table 6). A first order model was successfully used to fit most 

data. However, in a few cases a second order polynomial provided the best fit. In all 

cases regression parameter estimates were significant at a = 0.01. In general the fit of the 

model increased dramatically with an increase in temperature as evidenced by r^ values 

(Table 6). Figures 2-11 show the regression curves associated with each source and 

temperature. 

The rate of NRt^-N loss increases dramatically with temperature as does the 

general fit of the regression model. At lower temperatures a higher fraction of NH4^-N 

loss is observed early in the 24 hour period (0-5 hours). The method of analysis for 

measures the activity of in solution and does not measure total soluble 

concentration including the fraction that has been involved in ion pair formation 

and compiexation reactions in the solution. In general, complexation in a natural water 

proceeds rather quickly to some state of equilibrium (Stumm and Morgan, 1996). The 

reactions associated with complexation and ion pair formation will also be temperature 

dependent. As temperature increases the energy in the solution increases which disrupts 
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the complexation and ion pair associations. Thus, an increase in complexation or ion pair 

formation at the lower temperature regimes would account for the observed increase in 

the fraction of apparent NH4^-N loss at the early sample times compared to the higher 

temperatures. 

In order to validate this theory a series of speciation simulations were conducted 

utilizing a chemical speciation computer model developed by the United States 

Geological Survey (USGS). The model used is a Microsoft Windows® interface for the 

newly released PHREEQC version 2.2 (Parkhurst and Appelo, 1999) entitled PHREEQCI 

(Charlton et al., 1997). The software allows for the input of the chemical characteristics 

of a given solution and then performs a speciation. The software also allows for the 

addition of a chemical reactant to the original solution to which a new speciation is 

performed. In this case, 10 mg of (NH4)2S04 was added to the original solution and the 

speciation was then performed. Results &om the speciation model reveals a decrease in 

the amount of complexation and ion pair formation as temperature increases (Fig. 12). 

Figure 12 illustrates that as temperature increases the activity of NH4SO4' decreases. 

This would indicate that at lower temperatures and early sample times the increase in the 

fraction of NRt'^-N loss was due to complexation effects and not volatilization. 

Another item of interest that has practical implications for production agriculture 

is the fact that many of the water sources at 30 and 35°C, which is not uncommon in the 

summer months in Arizona, can lose up to 30% of applied N in the first 10 hours after 

application. At higher temperatures that loss can increase to 50%. These results indicate 

potential losses of N through volatilization when using NH4^-N sources. 
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Multi-variate Regression Analysis 

Multi-variate linear regression analysis was performed in an effort to identify 

water quality characteristics that may influence the loss of N through volatilization. 

Percent loss was regressed on the water quality data contained in Table 2. The technique 

used to accomplish this analysis was a backward elimination technique as outlined by the 

SAS Institute (1994). The final model retains only those variables that contribute 

significantly to the overall model. Variables found to contribute significantly to the 

overall model are found in Table 7 along with the parameter estimate and the OSL for 

that parameter. The most significant factor was temperature which was positively 

correlated with percent N loss along with electrical conductivity of the water (ECw) and 

carbonate concentration. Two variables that were negatively correlated and produced 

negative regression coefficients included pH and S04'-S concentrations. However, the 

ranges associated with the pH values encountered with these ten water sources was very 

small (8.1 - 8.6). Research investigating NH3 volatilization in the past has clearly 

demonstrated a positive relationship between pH and NH3 volatilization (Du Plessis and 

Kroontje, 1964). 

The other variable for which a negative parameter estimate was calculated was 

804 -8. This variable appeared to have a real effect on the rate of N loss through 

volatilization. As demonstrated in Fig.ure 13, when the slope of the regression of percent 

loss as a function of temperature are plotted as a function of S04'-S concentration a 

negative relationship is observed. The relationship between decreasing rates of N loss 

through volatilization with increasing concentration of S04'-S is most likely due to an 

application of Le Chatelier's principle, or the "common ion effect", which predicts that a 
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salt will be less soluble if one of its constituent ions is present in solution (Harris, 1991). 

As the concentration of S04'-S increases, the solubility of the (NH4)2S04 decreases (eqn. 

3), suppressing the free NH4^ activity, which in turn reduces the potential for NH3 

volatilization. 

Conclusions 

The potential loss of fertilizer N placed in irrigation waters should be accounted 

for when making decisions about fertilizer N management. This is particularly true when 

considering the form of fertilizer being used. Potential losses may be greater under 

conditions where fertilizers are used containing high concentrations of free NH3 or NH4^. 

It was also observed that potential losses are much greater at temperatures above 35°C 

and may exceed 50% loss in the first 10-12 hours of application. Water quality appears 

to have an impact on NH3 volatilization. In this study the higher concentrations of S04*-S 

had an impact on reducing the amount of volatilization due to the decreased solubility of 

(NH4)2S04. In general, higher concentrations of total soluble salts (i.e. ECw) tended to 

increase the potential loss of N through volatilization. 
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Table 1. Geographical location of sample for each of the 10 water sources. 
Sample it Sample Location (Elevation) Source of Water 
1 Yuma, AZ (32m) Colorado River Water 
2 Gila Bend, AZ (219m) Gila River / Paloma Ranch Well Field 
3 Buckeye, AZ (304m) Roosevelt Irrigation District (RID) 
4 Maricopa, AZ (361m) Well water (Maricopa Agricultural Center - University of Arizona) 
5 Maricopa, AZ (361m) Colorado River Water (Maricopa-Stanfield Irrigation District - MSID) 
6 Coolidge, AZ (422m) San Carlos Irrigation District (SCID) 
7 Marana, AZ (601m) Well water (Marana Agricultural Center - University of Arizona) 
8 Marana, AZ (601m) Central Arizona Project - CAP (Colorado River Water) 
9 Safford, AZ (901m) Gila River Water 
10 Safford, AZ (901m) Well water (Safford Agricultural Center - University of Arizona) 

Table 2. Water composition data for each of the 10 sources. 
Sample # pH Ca Mg Na K COa^ HCOs' CP SQ4"'-S NO3 -N P04^-P EC SAR SSP TSS 

mgL"' dsm"' Adj! ppm 
1 O 74 33 130 4.8 0 148.8" 120 100 05 003 0?7 62 46!4 STT 

2 8.6 180 56 590 11.6 4.8 151.3 820 160 5.6 0.31 1.9 21.5 64.9 1981 
3 8.3 42 29 250 8.7 1.2 185.4 340 48 3.8 014 1.0 13.7 69.8 909 
4 8.4 220 40 330 4.9 1.2 102.5 420 230 16.4 0.06 1.5 11.1 49.9 1366 
5 8.5 69 22 170 4.2 2.4 7 08 160 110 3.2 0.03 0 7 7.2 57.9 612 
6 8.6 46 13 61 5.1 8.4 87.8 75 39 0 9 0.25 0.4 3.3 43.1 337 
7 8.6 25 6 66 2.2 4.8 109.8 41 22 4.0 0.02 0 5 4.3 61.4 281 
8 8.1 60 33 100 4.9 0 90.3 93 93 0 2 0.02 0.5 4.4 42.7 475 
9 8.4 40 12 110 7.1 2.4 131.8 150 17 0.8 009 0 5 6.4 60.2 471 
10 8.3 41 13 380 3.3 1.2 302.6 300 78 5.5 0.04 1.3 25.3 83.8 1125 

OP 



Table 3. Regression parameter estimates (slope) for data presented in Fig. 3. 
Source Slope (Significant at a = 0.05) 
Yuma (Colorado River) 3.204 
Gila Bend (Gila River/Paloma Ranch) 3.592 
Buckeye (RID) 3.786 
Maricopa (well) 2.085 
Maricopa (CAP) 3.515 
Coolidge (SCID) 2.736 
Marana (well) 3.992 
Marana(CAP) 2.582 
SafTord (Gila River) 3.395 
Safford (well) 1252 

Table 4. Analysis of variance and means separation by temperature for each water source. 
Source 

-Percent Loss-
10 

40°C 89.6 a 88.5 a 94.7 a 73.5 a 83.0 a 86.4 a 91.0 a 88.6 a 86.4 a 90.4 a 
35°C 68.5 b 64.2 b 77.9 b 56.1 b 52.9 b 60.2 b 65.4 b 59.3 b 70.1 b 74.8 b 
30°C 53.2 c 53.5 c 61.9 c 46.2 c 34.7 c 54.3 c 45.1 c 54.1 c 39.7 c 53.6 c 
25''C 41.3 d 32.2 d 36.9 d 42.1 d 30.7 c 42.8 d 31.2 d 47.4 d 41.3 c 43.4 d 
SNK 2.8 1.6 1.7 3.5 4.5 3.6 6.4 3.2 3.7 4.3 
OSL <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
C.V. 10.2 6.2 5.8 14.6 20.0 13.1 24.4 11.5 13.6 14.7 

i 



Table 5. Analysis of variance and means separation by water source at each temperature. 
Percent Loss 

Source 25°C 30''C 35"C 40°C 

Yuma (Colorado River) 41.3 ab* 53.2 b 68.5 c 89.6 cd 
Gila Bend (Gila River/Paloma Ranch) 32.2 c 53.5 b 64.2 d 88.5 d 
Buckeye (RID) 36.9 b 61.9 a 77.9 a 94.7 a 
Maricopa (well) 42.1 ab 46.2 c 56.1 f 73.5 g 
Maricopa (CAP) 30.7 c 34.7 e 52.9 g 83.0 f 
Coolidge(SCID) 42.8 ab 54.4 b 60.2 e 86.4 e 
Marana (well) 31.2 c 45.1 c 65.4 d 91.0 b 
Marana (CAP) 47.4 a 54.1 b 59.3 e 88.6 d 
Safford (Gila River) 41.3 ab 39.7 d 70.2 c 86.4 e 
Salford (well) 43.4 ab 53.6 b 74.8 b 90.4 be 
SNK Critical Range 4.6 3.4 1.7 1.0 
Coefficient of Variation 26.4 15.6 5.9 2.7 
Observed Significance Level 0.0001 0.0001 0.0001 0.0001 
* Means followed by the same letter are not significantly different according to an SNK means separation test. 
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Table 6. Regression analysis parameter estimates for firaction of NHt^-N loss as a 
function of time. 
Source Temperature Regression Parameters 

"C r^ 00 0. 02 
Yuma 25 0.2549 0.1890 0.0095 

30 0.5236 0.1411 0.0161 — 

35 0.8363 0.0523 0.0265 — 

40 0.9552 0.0351 0.0377 — 

Gila Bend 25 0.2470 0.1228 0.0093 — 

30 0.6262 0.1203 0.0173 — 

35 0.9127 0.0225 0.0168 0.00038 
40 0.9688 0.0208 0.0370 

Buckeye 25 0.1330 0.1836 0.0080 — 

30 0.6361 0.1343 0.0187 — 

35 0.8465 0.0594 0.0157 0.00059 
40 0.9826 0.0047 0.0629 -0.00097 

Maricopa (well) 25 0.1314 0.2369 0.0090 — 

30 0.2125 0.1547 0.0127 ~ 

35 0.5785 0.0734 0.0188 — 

40 0.9585 -0.0150 0.0302 — 

Maricopa (CAP) 25 0.3254 0.1455 0.0104 — 

30 0.5251 0.0592 0.0122 — 

35 0.9083 0.0363 0.0075 0.00055 
40 0.9718 0.0134 0.0288 0.00023 

Coolidge 25 0.3963 0.1788 0.0110 ~ 

30 0.2449 0.1804 0.0155 — 

35 0.9590 0.0109 0.0187 0.00026 
40 0.9708 0.0237 0.0353 — 

Marana (well) 25 0.3534 0.2076 0.0354 -0.00104 
30 0.3077 0.1677 0.0126 — 

35 0.7181 0.0914 0.0220 — 

40 0.9733 -0.0168 0.0460 -0.00029 
Marana (CAP) 25 0.3962 0.1868 0.0137 — 

30 0.1611 0.2925 0.0110 
35 0.8883 0.0344 0.0123 0.00046 
40 0.9758 0.0289 0.0363 — 

Safford (Gila River) 25 0.1592 0.2070 0.0082 ~ 

30 0.8100 0.0611 -0.0072 0.00088 
35 0.8828 0.0734 0.0256 
40 0.9512 0.0358 0.0361 — 

Safford (well) 25 0.2125 0.2119 0.0111 — 

30 0.6579 0.1125 0.0180 
35 0.9551 -0.0270 0.0319 — 

40 0.9604 0.0156 0.0551 -0.00075 
^All parameters listed are significant at the a = O.OS 
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Table 7. Multi-variate linear regression analysis results using the backward elimination 
model selection criteria. 

Variable Parameter 
Estimate 

OSL 

Po Intercept 2.88630 0.00093 

Pi Temperature 0.03203 <0.0001 

P2 pH -0.40383 0.0033 

Pi Carbonate 0.01728 0.0550 

P4 Electrical Conductivity 0.09883 0.0025 

P5 Sulfate -0.000755 0.0026 
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Fig. 1. Percent loss of NRt^-N as a function of temperature for all water sources. 
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Fig. 2. Fraction of NH4*-N loss through volatilization, Yuma (Colorado River water). 
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Fig. 3. Fraction of NH4*-N loss through volatilization, Gila Bend. 
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Fig. 4. Fraction of NHi^-N loss through volatilization. Buckeye (RID water). 
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Fig. 5. Fraction of NHj^-N loss through volatilization, Maricopa (well water). 
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Fig. 6. Fraction of NH4^-N loss through volatilization, Maricopa (CAP water). 
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Fig. 7. Fraction of NHi^-N loss through volatilization, Coolidge (San Carlos River 
water). 
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Fig. 8. Fraction of NHj^-N loss through volatilization, Marana (well water). 
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Fig. 11. Fraction of loss through volatilization, Safford (well water). 
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