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ABSTRACT 

Nitrogen (N) is an essential plant nutrient, which is often limiting in soil. In order 

to maximize plant growth and yield, many farmers use synthetic fertilizers to address 

nitrogen deficiencies. Both economic and environmental factors have lead to a focus on 

more sustainable methods, including using legume living mulch systems. However, 

sampling and monitoring N concentrations can be expensive, time consuming, and often 

beyond the scope of on-farm management. Therefore, the validity of rapid test 

methodologies should be explored. 

The overall goals of this project were (1) to determine the value ofa rapid soil 

nitrate testing procedure in making informed decisions with regard to nitrogen 

management in sustainable agricultural systems and (2) determine the effectiveness of 

perennial peanut as a living mulch. In accordance with these goals, the project had the 

following objectives: 

1) evaluate the effectiveness of a rapid commercial ion selective electrode 

(Horbia Spectrum Technologies, Japan), for soil solution nitrate-nitrogen 

analysis under a perennial peanut living mulch system, 

2) examine the effects of a perennial peanut living mulch system on selected 

soil properties, i.e. electrical conductivity, soil nitrate-N, extractable 

nutrients, bulk density, gravimetric soil moisture, pH, and organic matter, 

3) determine the effects of propagule type, soil type, and inoculation on 

perennial peanut growth and its application to a living mulch system. 

The Cardy meter was chosen as the rapid methodology due to wide commercial 

availability and favorable past research documenting sap nitrate-N applications. Field 
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and laboratory studies were conducted to evaluate this rapid nitrate test for soil solution 

analysis and to determine soil type influences on the accuracy of readings. The Cardy 

meter measurements were compared to a standard colorimetric method that is commonly 

used in soil laboratories. A strong correlation (~=O.92) between the Cardy meter and the 

standard laboratory colorimetric method was demonstrated across different soil types. 

The qnick method proved to be effective as a rapid nitrate tool for both field soil solution 

and soil leachate samples recovered from soil columns. 

Using the Cardy meter, the soil nitrogen dynamics under a perennial peanut living 

mulch were monitored during November 2006 to May 2007. Affects of perennial peanut 

density on soil quality in terms of select physical and chemical properties was examined 

by measuring extractable nutrients (p, K, Ca, Mg, Mn. Fe, Cu, Zn), organic matter, pH 

and soil physical properties (bulk density and gravimetric soil moisture). Treatment 

levels (Low, Medium, and High) were assigned to perennial peanut biomass densities and 

used for analysis of variances. Results of this study demonstrate significant differences 

among the perennial peanut treatments for bulk density, gravimetric soil moisture, soil 

pH, K, Ca, Mg, Mn. Fe, and Zn. Average conductivity of soil solution under perennial 

peanut was positively related to soil nitrate-N, although the strength of the correlation 

was dependent on perennial peanut biomass and individual samples were weakly 

correlated (~=O.27). 

Increases in soil nitrate under the perennial peanut living mulch are a result of 

biological fixation of atmospheric nitrogen. Therefore, perennial peanut nodulation and 

growth response to propagule type, inoculation, and soil type was examined in a 

greenhouse experiment. Perennial peanut propagule types included commercial seed 

v 



obtained from Bolivia (CIA T -17434) and perennial peanut cuttings from an organic 

orchard in Poamoho, Oahu. Results showed that soil type had a significant affect on 

shoot biomass, total biomass, and plant growth. However, root biomass and nodulation 

did not differ between soil types. Propagule type was significant in plant growth for all 

plant biomass measurements and for nodulation. Nodule size was not statistically 

different for the main treatments. The interaction between soil type and inoculation was 

significant at the 90% confidence level. moculation did not increase biomass or 

nodulation for either propagule type. Therefore, inoculation is not necessary in these 

tested tropical soils, but propagule type should be considered when selecting perennial 

peanut as a cover crop. 
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CHAPTERl 

Literature Review 

1. 1 Introduction 

Best management of agricultural lands is currently viewed from a whole systems 

approach where interactions and interdependence of agricultural components are 

managed collectively to achieve a site-specific objective (McConnell and Dillion 1997. 

Gliessman 1998). In particular. there has been increasing pressure to maintain 

environmental integrity. and in 1996. the USDA issued their dedication to sustainable 

agriculture in a public memorandum (Clark 1996). While there is debate on the 

definition of sustainability. there is little doubt that agricultural sustainability requires a 

shift in the conventional paradigm and requires better nutrient management and 

implementation of best management practices (Adamchuk et al. 2005). The importance 

of such practices is related to agriculture's contribution to non-point source (NPS) 

pollution (Alva et al. 2006). The U.S. EPA states that agriculture is a major contributor 

(48%) to NPS pollution and can increase sedimentation (EPA 2003). A primary step in 

reducing NPS pollution is limiting nutrient transport, in particular nitrogen. Due to large 

crop nitrogen requirements. agricultural practices can significantly increase soil nitrogen 

and lead to adverse environmental and social impacts. Specifically. nitrate leaching can 

cause "blue baby syndrome" by contaminating groundwater. Therefore. the U.S. EPA 
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has set the maximum contaminant level for nitrate-N at 10 mgIL in drinking water. In 

addition, nitrogen concentrations can be an indicator of water quality. High nitrogen 

levels could signal the presence of other contaminants such as pesticides and disease 

causing organisms, and elevated levels of nitrogen can lead to eutrophication of natural 

waterways (Domingue et al. 2005). Consequently, using legume cover crops and nutrient 

cycling have become popular strategies to limit over fertilization. 

Agricultural systems are complex and dynamic, thus making predictions in yield 

and crop response difficult. Soil, plant, and water tests provide the baseline information 

used to make management recommendations. There are many assessment tools 

available; however, due to the fact that nitrogen is often a limiting plant nutrient, soil 

nitrogen analysis is heavily relied upon as an indicator of nutrient status (Langeveld et al. 

2007, Bassanino et al. 2007). The most common laboratory methods are conducted using 

colorimetric techniques or by an auto-analyzer. Due to their time requirement, sample 

preparation. and expense, it is difficult to make real-time management decisions using 

these methods. Therefore, the validity of rapid test methodologies should be explored 

(Capelo et al. 2006, MacKown and Weik 2004, Ito et al. 1996). There is concern in the 

research community about the precision and accuracy of rapid methodologies to quantify 

soil nitrogen for various agricultural management techniques (Zhu et al. 2003, Williams 

and Maier 2002). Although there are multiple options for rapid analysis, the.greatest 

potential has been documented by rapid ion selective electrodes, which are widely 

available in commercial forms (MacKown and Weik 2004, Jimenez et al. 2006, 

Adamchuk et al. 2004). 
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In this review, the importance of rapid analysis, especially ion selective electrode 

technologies, and the applications of this methodology to nitrogen quantification will be 

discussed. In addition, the environmental aspects of soil nitrogen testing including the 

nitrogen cycle with emphasis on atmospheric nitrogen fixation by legumes and the affect 

of soil type on plant available soil nitrogen will be briefly described. 

1.2 Ion Selective Electrodes 

Ion selective electrodes (lSE) are based upon the principle of polarographic 

analysis. The electrode is a selective sensor that develops a potential across a membrane 

that holds an ion exchanger. The most common ion selective electrode that has been 

developed is the pH electrode and is credited to Cremer in 1906 (Bailey 1980). The 

methodology of the pH electrode is often used to explain how selective electrodes 

operate. When submersed into a solution, the hydrogen ions diffuse across the membrane 

electrodes until equilibrium is reached. This activity results in a build up of charge 

between the two electrodes and is proportional to the number of hydrogen ions in the 

external solution (Gallagher and Lynde 1997, Adarnchuk et al. 2005). Since the electrode 

responds to ion activity rather than concentration, an ionic strength stabilizer must be 

added to the solution. 

Typically, a high millivolt meter measures the potential difference and is related 

logarithmically to the external ionic concentration. Therefore, it is necessary to calibrate 

electrodes using at least two standard solutions. Most electrodes have an automatic 

internal calibration which is based off of the Nernst equation (Talibudeen 1991): 
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E = EO + (2.303RTI nF) x Log(A) 

where: 
E = the total potential between the electrodes 
EO = is a constant which is characteristic of the particular ISElreference pair 
R = the gas Constant 
T = the absolute Temperature in kelvins (Tk = 273.15 + Tod 
n = the charge on the ion 
F = the Faraday Constant 
Log(A) = the logarithm of the activity of the measured ion 

These principles are similar for all ISEs (Ito et al. 1996, Cranny and Atkinson 

(I) 

1998). However, in contrast to the pH meter, measuring for nitrate and other ions there 

are three main problems associated with ISEs: 1) interferences from other ions, 2) the 

effect of ionic strength, and 3) potential drift, or electrode potential stability. 

Interferences can result due to the electrodes permeability to other ions. For the 

nitrate electrode, known ions that cause interferences include nitrite and chloride (Watts 

et aI. 2(07). The ability of an electrode to distinguish between different ions within a 

solution is defined by the Selectivity Coefficient (kAIB) (Bailey 1980). 

An additional challenge associated with ion electrodes is the detection limit 

(Bailey 1980). Low concentrations of certain ions might be harder to detect due to a 

lower linear range than demonstrated by the pH electrodes (Adamchuk et al. 2(05). The 

applicable range for most nitrate electrode probes is 0.14 to 1400 mg N03-NIL (APHA 

20(0). For soil extracts, the standard ISE method can be used over the range of 5.0 to 

200 mg N03-NIL. Under this limit, the results will be overestimated, and concentrations 

over this range will result in readings that will be biased low (Miller et al. 1990). 

Furthermore, the response time of the electrode is temperature dependent and 

results in potential drift. Potential drift results from composition and structure of the 
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sensing membrane on the electrode (Yu 2004). Instability in readings can be minimized 

by reading samples at the same temperature and by selection of electrode design (Bailey 

1980). 

Despite these challenges, the usefulness of rapid ISE methods has been well 

documented (Capelo et a!. 2006, Jimenez et a!. 2006, Domingue et a!. 2005, Yu 2004). 

In comparison with other nitrate analysis techniques, ISE are a quick test method, not 

subjected to turbidity or color problems experienced with colorimetric techniques, and 

are typically more cost effective (Bendikov et aI. 2005, Folegatti et aI. 2005, Perez

Olmos et aI. 2001). 

The Cardy © Meter (Horbia Spectrum Technologies, Japan) is one ISE alternative 

that utilizes the principles of the electrode probe method to provide rapid analysis of 

nitrate. The Cardy meter is a combination of a microprocessor miniature electronic and 

ion selective electrode designs. The Cardy selectivity coefficients for interfering ions are. 

displayed in Table 1.1. For example, the chloride selectivity coefficient is 0.04, which 

represents that an equal concentration of chloride would add about 4 % to the nitrate 

concentration displayed. However, most interference can be overcome by sample 

preparation. When analyzing samples with high chloride concentrations, the chloride ion 

can be removed as a precipitate. Furthermore, the Cardy meter can measure samples 

whose pH ranges from 3 to 8 (Spectrum Technologies 1997). 

The rapid ISE methodology has been used in a variety of ways, including leaf 

tissue, sap nitrate, extractable soil nitrogen, and soil solutions applications. Past research 

with the Cardy Meter has primarily focused on plant sap nitrate-nitrogen studies 

(MacKown and Weik 2004, Soltanpour and Delgadado 2002) and for temperate soils 
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(Brown et a!. 1995, Smith et a!. 1998, Westcott et aI. 1993). MacKown and Weik (2004) 

demonstrated that the ion selective electrode method for sap nitrate analysis generally 

over estimated concentrations with a correlation coefficient of 0.88 when compared to 

standard laboratory methods. Westcott et aI. (1993) examined the relationship between 

the Cardy ion meter to laboratory measures of petiole dry matter in potato and found that 

the samples were highly correlated (0.96). The Cardy meter was used for on-site 

measurements in the Flathead Valley in Montana. 

With soil extractable nitrate, Davenport et aI. (2001) evaluated the Cardy meter 

for nitrate monitoring in moist soils in Prosser, Washington. The Cardy meter failed to 

accurately predict soil or soil solution nitrate concentrations despite variable soil type or 

water content. In a similar study, Sims et aI. (1995) found the Cardy meter to have a 

correlation of 0.60 to standard laboratory methods. Tests were preformed for nitrogen 

management for maize in the Atlantic Coastal Plain and preformed on-site. 

In contrast to Davenport et aI. (2001), Westerveld et aI. (2006) found the Cardy 

meter to be a reliable quick test for nitrate nitrogen concentrations. However, the meter's 

accuracy was dependent on soil type. In the study, mineral and organic soil was 

examined as well as tissue nitrate for carrot and cabbage. In the mineral soil, there was a 

20 percent overestimation in nitrate-nitrogen with the lower range concentrations being 

more variable resulting in differences between the Cardy meter and standard laboratory 

method being more apparent. In the organic soil, a soilless medium was tested. and 

results were not comparable to laboratory results. Therefore, a modified mineral soil 

extraction procedure was used for analysis. The adjusted mineral procedure found a 52 

percent underestimation. Reasons for this under prediction are not entirely clear, but the 
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authors believe it might be due to an influence of nitrate being tightly bound because of 

high anion exchange. Furthermore, during the extraction, the organic soil absorbed all of 

the extractant and twice as much had to be used. As a result, a conversion factor had to 

be used to equate the results to those from the lab. 

Folegatti et al. (2005) used the Cardy meter to reported nitrate concentrations in 

soil solution. Nitrate-nitrogen measured by the Cardy meter were lower than those 

determined by the distillation method, but the method proved to have high precision and 

a high correlation (0.93) with standard laboratory methods. Any discrepancies in 

reported concentrations were most likely attributed to the influence of other ions in the 

solution. 

1.3 Atmosphere, Plant, and SoH Nitrogen Balance 

Nitrogen is an essential element that is required by all life forms. The primary 

source of nitrogen is from the atmosphere. However, despite air being mainly comprised 

of nitrogen (79%), nitrogen is often a limited nutrient for plants since uptake of nitrogen 

must be in "fixed" forms such as nitrate, ammonia, or urea compounds in order for plant 

uptake. Nitrogen is cycled through the environment by four main processes: nitrogen 

fixation, decay, nitrification, and denitrification. Essential to plant nitrogen uptake is the 

role of microorganisms in biological atmospheric nitrogen fixation. Only certain bacteria 

with the enzyme nitrogenase can fix nitrogen. These bacteria often form a symbiotic 

relationship with plants and form nodules in the root mass. This most commonly is seen 

with the bacteria Rhizobium and legume species (Lanier et al. 2005). Other nitrogen 

fixing bacteria such as Crenarchaeota and cyanobacteria can live free in the soil or in 

semi-aquatic environments (Marschner 1995). 
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In terrestrial ecosystems, nitrogen is stored in organic matter and becomes 

available for plant uptake when converted to inorganic forms. Nitrogen is cycled into the 

soil by decomposers during the decay process and mineralization. Ammonia is released 

and can be taken up directly by plant's roots or is converted to nitrate by nitrifying 

bacteria (Nitrobacter sp.). Nitrate-nitrogen is most commonly used by plants since 

ammonia can be toxic in large quantities. Within the soil profile, ammonium can be 

absorbed by clay particles due to the positive charge and released through cation 

exchange. Once released, the autotrophic bacteria Nitrosomonas chemically alter 

ammonium into nitrite, which is further oxidized by the bacteria Nitrobacter to nitrate 

during nitrification. 

Nitrogen can be lost from the soil by denitrification and nitrate leaching. 

Nitrogen returns to the atmospheric during denitrification where nitrate is reduced to 

nitrogen or nitrous oxide and diffuses into the atmosphere. Under anaerobic soil 

conditions, nitrates are used as an alternative to oxygen for respiration. In addition, when 

nitrogen is leached from the soil, nitrate infiltrates into the soil profile below the root 

zone. The soil cannot hold nitrate as it does ammonium due to nitrate's negative charge. 

Nitrate is water soluble and can enter ground water when leached from the root zone. 

The type of soil influences the amount and speed at which nitrate leaches. For example, a 

sandy soil will have a greater movement of nitrate than a clay soil since water moves 

more rapidly through sandy or other coarse textured soils. However, the influence of soil 

type on soil characteristics can be modified by an increase litter. In particular, soil 

organic matter (SOM) has been demonstrated to significantly influence soil properties of 

highly weathered soils and agricultura1 soils where fertilization is limited. In fact, SOM 
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not only improves soil physical properties but also soil chemical and biological 

properties. For example, increase SOM can increase cation exchange capacity and allow 

for greater nutrient supply (Dubeux et aI. 2007). 

1.4 Legumes as a Source of Nitrogen In Agricultural Applications 

On-farm nutrient management in agriculture is essential to successful crop 

production. In many agricultural applications, nitrogen and phosphorous are the most 

limiting nutrients for plant growth (Dubeux et aI. 2007). This is particularly true in 

systems that reduce or eliminate the use of synthetic fertilizers. One strategy that has 

developed to address nutrient limitations is intercropping or using cover crops. Although 

similar concepts, the use of cover crops on agricuiturallands can be considered different 

from intercropping. lntercropping refers to planting systems where two crops are planted 

and harvested for sale to maximize economical returns (Sanchez 1976). This technique 

typically results in higher productivity per land area than monocrop production (Akanvou 

et aI. 2002). In contrast, the use of cover crops generally applies to planting ground cover 

or another type of plant as a management tool that aids in primary crop production. 

Typically. cover crops are not harvested for sale. However. cover crops have many 

beneficial uses. For example, cover crops enhance soil quality and producti vity through 

increased root biomass and nutrient cycling (Sainju et aI. 2003, Shen and Chu 2004). 

When cover-crops are grown concurrently with the economic crop, they are typically 

referred to as living mulches (Leary and DeFrank 2000). 

Although potentially beneficial. employing living mulches as a management 

strategy can lead to interspecies competition (Liedgens et aI. 2004). Therefore. crop 

designs should take into consideration spatial arrangement. density, maturity dates. and 
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plant architecture to minimize the impact of competition among the species components 

of a polycrop system (Akanvou et al. 2002). One useful crop combination incorporates 

legumes with the cash crop to take advantage of the legumes' nitrogen fixing capabilities. 

Common to legumes is the ability to biologically fix atmospheric nitrogen into 

ammonia and is a result of a symbiotic relationship with a soil bacteria population (genus 

Rhizobium). Legumes can provide nitrogen to non-nitrogen fixing plants by soil 

transfers. For example, rain can cause the nitrogen on the leaves of legume to leach out 

into the soil, or nitrogen transport can occur from legume roots and nodules to another 

plant's root network by soil microbes (Schulze 2004). Requirements for nodulation in 

many tropical legume species include high levels of phosphorus, magnesium, 

molybdenum, iron, and boron. Rates of fixation are influenced by several factors 

including: soil pH, soil moisture, and temperature and the bacteria are host specific 

(Redmon and Smith 2001). In legume species, the bacteria Bradyrhizobium sp. are often 

used. 

The majority of nitrogen fixed by legumes is available to subsequent crops after 

the incorporation and mineralization of legume residue, however, there is mounting 

evidence that companion legumes increase the available soil nitrogen for concurrent 

growing crops (van Kessel et al. 1985, Mitchele et al. 2006, Schmidtke et al. 2004, 

Martin et al. 1995). 

1.5 Tbe Perennial Peanut, a leguminous cover crop for tropical orchards 

One legume species that improves soil nitrogen and phosphorus is Arachis pintoi 

(perennial peanut). A. pintoi is native to South America and is currently grown 

throughout the wet tropic and subtropics. There are over 11 cultivars but the popular 
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varieties are 'Amarillo' and the 'Golden Glory'. Within the U.S., A. pintoi was originally 

introduced in florida in 1936 and has been used continually in the Southeast (French et 

aI. 2006). In Hawaii, A. pintoi (Golden Glory var.) was introduced as an ornamental by 

the nursery industry ca. 1988 (Lynn Tsuruda, personal communication). 

Tropical pasture legumes, such as the A. pintoi, are adapted to acidic soils and can 

contribute substantially to soil nitrogen. In fact, legumes species can contribute between 

16 to 500 kg Nlha a year in optimal conditions (Sanchez 1976). Consequently, the 

perceived value of A. pintoi as a living mulch in Hawaii is due to its physiology, which is 

tolerant to a tropical climatic and soil conditions. In particular, A. pintoi is adapted to the 

dry-wet seasonal variation and the nutrient limiting, well drained Hawaiian soils (Hensley 

et aI. 1997). Additionally, A. pintoi is long-lived and drought tolerant, although it 

responds well to soil fertility and moisture. Irrigation is needed for initial establishment 

but not required after rooting. A. pintoi is suitable for large and small scale agriCUltural 

operations but cost of establishment is related to scale. 

Typically, A. pintoi has been extensively planted as a pasture crop in many parts 

of the world but is becoming more frequent as an orchard cover crop in the tropics and 

subtropics (Bowen 200 1, Hensley et al. 1997). In pasture systems, the A. pintoi provides 

effective weed control and can be used to supplement feed (Thomas et aI. 1997, Gibson 

1998, Pantoja and Ortiz 2002, Ferguson et aI. 2001). Fruit tree growers that employ 

perennial peanut have reported improved tree growth and reduced reliance on fertilizers 

(AI Santoro and Frank Sekiya, personal communication). The scientific literature is 

heavily focused on pasture applications with limited research investigating its 

applications in orchard agriculture systems (Thorne et aI. 2005, Mullahey et aI. 1994). 
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1.6 Conclusion 

Using legume species for agricultural practices can increase soil nutrients, 

including nitrogen. Nitrogen is an important indicator of nutrient status, but should not 

be considered in isolation from other nutrient indicators as soil fertility is dynamic and 

dependent on interactions between plant macro- and micronutrients. The use of perennial 

peanut as a living mulch system has the potential to significantly increase soil available 

nitrogen, but there is a lack of available information to make nutrient recommendations 

or judge the benefit of using perennial peanut as a cover crop. The beneficial use of 

perennial peanut, a common tropica11egume, as a cover crop in precision agriculture has 

been poorly documented. Sampling is required to provide this knowledge needed for 

nutrient management decisions. However, testing for nutrients can be costly and time 

consuming when samples need to be analyzed at a laboratory. The Cardy meter is a 

potentially valuable tool that should be evaluated for rapid assessment of nitrate-nitrogen 

concentrations. Past studies correlating rapid nitrate methodologies to standard laboratory 

techniques have been favorable, but limited in scope and application to soil solution and 

tropical areas. There is a strong need for such information in Hawaii as perennial peanut 

is becoming a popular ground cover in orchard systems. 

Therefore, the objectives were to: 

1) evaluate the effectiveness of a rapid commercial ion selective electrode 

(Horbia Spectrum Technologies, Japan), for soil solution nitrate-nitrogen 

analysis under a perennial peanut living mulch system, 
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2) examine the effects of a perennial peanut living mulch system on selected 

soil properties, i.e. electrical conductivity, soil nitrate-N, extractable 

nutrients, bulk density, gravimetric soil moisture, pH. and organic matter, 

3) detennine the effects of propagule type, soil type, and inoculation on 

perennial peanut growth and its application to a living mulch system. 
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Table 1.1. Cardy Meter's Selectivity Coefficients for Known Interfering Ions 

Interferin2 Ion Symbol Sel Coefficient 
Iodide r 7 X 10-'" 

Bromide Br" 9 X 10-1 

Nitrite NOi 7 X 10-1 

Chloride cr 4 X 10-2 

Perchlorate CI04- 3 X 10-3 
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CHAPTER 2 

Evaluation and Application of a Rapid Nitrate-N Test for SoU Solution under a 

Perennial Peanut Living Mulch 

2.1 Abstract 

The measurement of nitrogen is essential for any nutrient management plan, but 

can be time consuming and expensive. There is a need for rapid tests for soil nitrogen 

measurements. Effectiveness of rapid methods has received mixed reviews in the 

literature. Therefore, the objectives of this study were (1) to evaluate the Horiba© Cardy 

nitrate meter (Spectrum Technologies, Inc., Springfield, IL) for measuring soil solution 

nitrate-nitrogen concentrations under a perennial peanut living mulch in two mixed 

orchard systems on Oahu, and (2) determine the influence of soil type on measurement 

accuracy and precision. The Cardy meter was nsed to assess soil solution nitrate for three 

representative agricultural soils in Hawaii (Wahiawa, Lolekaa, and Waialua). Analytical 

accuracy and repeatability were determined in the Sustainable Agricultural Laboratory 

through recovery tests using soil columns and through comparison to a conventional 

colorimetric nitrate-nitrogen method completed by the UH Agriculture Diagnostic 

Service Center. The method was applied to field soil solutions collected from 2 orchard 

farms and soil leachate samples recovered from 3 soil columns in a laboratory. Results 
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from this experiment demonstrated a strong correlation (~=O.92) between the Cardy 

meter and a standard laboratory colorimetric method for field samples. The correlation 

between methods for the leachate samples was influenced by soil series, with differences 

in the slope, or accuracy, of the line in the regression analysis. The Wahiawa soil series 

had a slope of 0.99 with a coefficient of determination (~) of 0.89. The Lolekaa soil 

series had a slope of 1.7 and a ~ of 0.95. The Waialua soil series had a slope of 0.85 with 

a~ofO.77. 

2.2 Introduction 

Low levels of plant-available nitrogen have been a historical concern in 

agricultural systems. Quantification of soil nitrogen dynamics is necessary for nutrient 

management, but testing can be time-consuming and expensive. Therefore, the validity 

of rapid test methodologies should be explored. Commercial test kits are one option for 

rapid testing. However, research is lacking for soils found in the tropics and for soil 

solution nutrient analysis. This lack of baseline information severely limits the ability of 

growers to make economically sound decisions to optimize the nutrient contribution of 

legume living mulches and reduce the application of off-farm inputs. 

As agricultural practices have become more sustainable, there is a shift from the 

use of synthetic nitrogen fertilizer to more environmentally "green" practices such as 

cover crops. In such systems, cover crops, such as legumes, are concurrently grown with 

the economic crop to help address nitrogen deficiencies. For example, anecdotal 

evidence suggests that the perennial peanut (Arachis pintoi 'Golden Glory') may increase 

the soil availability of nitrate and other nutrients as well as improve early tree growth 

when used as a living mulch in certified orchard systems. However, little work has been 
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done to quantity the contribution of perennial peanut to rhizosphere nutrient levels in 

Hawaii's unique soils or on the early growth and establishment of young trees. 

In addition to forage applications, an important feature of growing perennial 

peanut is its ability to fix nitrogen; however, quantitying rates of fixation and soil 

nitrogen, particularly the plant-available forms of nitrate-nitrogen and ammonium-N, is 

often beyond the scope of on-farm management. For example, soil core samples and soil 

water samples are typically collected and sent to a lab for analysis. This process can take 

several weeks and be costly to farmers. Costs for one sample can range from 6 to 15 

dollars for nitrogen testing with complete analysis averaging around 25 dollars (ADSC 

2005, IANR 2006). Utilizing rapid analysis not only provides a more economical option 

for farmers directly, but could translate into bigger savings since the waiting period is 

reduced. 

Furthermore, there is a lack of standardization for such measurements. 

Currently, the options for testing the soil water solution for nitrogen compounds include 

colorimetric and electrode membrane techniques. There are many "accepted" variations 

of these methodologies; however, most require laboratory analysis with little applicability 

to on-farm testing. 

In general, the colorimetric methods rely on the formation of a compound with 

definite color characteristics and follow the principles of Lambert's Law and Beer's Law 

(APHA 1992). The range of detection is dependent on the sensitivity of the color change 

being detected. Colorimetric methods provide information about nitrate-nitrogen and 

nitrite-nitrogen, which is included in total soil nitrogen concentrations. Nitrite is an 

intermediate oxidation state of nitrogen (oxidation of ammonia to nitrate and reduction of 
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nitrate). This method is used most often for concentratious between 5 to 1,000 )Lg nitrite

NIL, although, higher concentrations can be determined by sample dilution (APHA 

1992). Colorimetric measurements are made by color comparison tubes, photoelectric 

colorimeters, or spectrophotometers. However, differences in visual color interpretations 

can lead to errors. 

The electrode method is based upon the principle of polarographic analysis and is 

used to test for nitrate-nitrogen. The electrode is a selective sensor that develops a 

potential across a membrane that holds an ion exchanger. The probe is comprised of a 

solid polymer membrane, which is porous, plastic, and semi-permeable allowing a 

voltage to develop between the sensing and reference electrodes. This voltage will 

increase as concentration of the ions increase and millivolts are read (Gallagher and 

Lynde 1997). The measured potential is compared to a stable reference electrode of 

constant potential. The difference between the two electrodes will depend on the ion 

activity, or charge, can be determined. The strength of this charge is proportional to the 

concentration of the measured ion. Since the electrode responds to activity (effective 

amount of the free ion) rather than concentration (total mass ofion in volume), an ionic 

strength stabilizer must be added to the solution. The applicable ranges for electrode 

probes are 0.14 to 1,400 mg N03-NIL. In addition, the pH of the solution should be 

constant as to prevent any interference. 

These are the primary techniques used to characterize nitrogen in liquid samples 

and typically require specialized laboratory equipment. However, the Cardy meter is one 

alternative that provides rapid analysis and utilizes the principles of the electrode probe 

method. Past research with the Cardy meter has concentrated on plant sap nitrate-
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nitrogen studies and dominantly conducted with temperate soils (Brown et aI. 1995, 

Smith et aI. 1998, Wetscott et aI. 1993). Some studies examined the use of the Cardy 

meter to read extractable nitrate but had varied results (Davenport et aI. 2001, Sims et aI. 

1995, Westerveld et aI. 2006). Similarly, the research for soil solution has been less 

documented with past studies reporting mixed results (Folegatti et aI. 2005). Therefore, 

the objective oftbis study was to evaIuate the effect of soil type and location on the 

accuracy and precision of a rapid soil nitrate analysis ion selective electrode. 

2.3 Material and Methods 

2.3.1 Laboratory Nitrate-N Calibration 

The Cardy nitrate meter consists of a replaceable, miniature, ion-selective and 

reference electrode with a two digit LCD display. The meter weighs approximately 40 g 

and measures 9.4 em long, 5.6 em wide and 0.9 em thick. The manufacture claims a 

resolution of I m!¥L for nitrate-nitrogen concentrations between 0-99 mglL, 10 mgIL for 

100-999 mgIL, and 100 mgIL for >1,000 mgIL. 

Calibration of the Cardy meter was based on a two point slope calibration as 

recommended by the manufacture from standard solutions of20 ppm nitrate-nitrogen and 

450 ppm nitrate-nitrogen (Westcott et aI. 1993). De-ionized water was selected as an 

extractant for this procedure based on research by Wetselaar et aI. (1998). De-ionized 

water was more effective than potassium chloride or potassium sulfate since the chloride 

ion is a known interference for ion selective electrode methods (Wetselaar et aI. 1998). 

As with all ion selective electrodes, ion interference is a known problem. More 

specifically, chloride and nitrite ions affect the accuracy particularly at lower 

concentrations of nitrate-nitrogen (Folegatti et aI. 2005). The degree of interference is 
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largely influenced by soil type tested. For example, in agriculture systems that use 

commercial fertilizer, chloride concentrations can be high (Brown et al. 1995). However, 

chloride interference is expected to be less in natural or organically managed soils. Soil 

solution samples were analyzed for chloride analysis by titration using a semi-automated 

silver nitrate colorimetric method. 

2.3.2 Field Sites and Soil Solution Collection Descriptions 

Soil solution was collected from suction cup lysimeters (Soil Moisture Equipment 

Corp., Santa Barbara, CA) on orchard farms located in Poamoho (Lat 21 °32'58" Long 

158°05'47", elevation 459 ft) and Waimanalo (Lat21"20'41" Long 157"44'31", elevation 

121 ft), Oahu during November 2006 to May 2007. Soil types are classified as Wahiawa 

and Lolekaa, respectively. The Wahiawa soil series is a manganiferous Oxisol and 

comprises approximately 21,000 acres on Oahu. Wahiawa soils are well drained and are 

very-fine silty clays (kaolinitic, isohyperthermic Rhodic Haplustox) and has strong 

aggregation. The Lolekaa soil series are very-fine silty clays (parasesquic, 

isohyperthermic Typic Palehumults) and are acidic. This soil series comprises 11,000 

acres on Oahu. 

Installation of soillysimeters followed manufacturer's recommendations. Soil 

was sifted through a 2 mm mesh screen to create a slurry in which to seat the cup and for 

backfilling. The sampler's porous cup was firmly seated to ensure that water could easily 

move from soil pores through the pores in the ceramic cup and into the sampler. A 

suction of75 centibars was applied. Experimental design was a modified randomized 

block design where treatments were blocked according to field location, tree species, and 

plant densities. Lysimeters were installed approximately 7 em from emitters and within 
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irrigation rows to avoid tree root and canopy influences. Lysimeter placement was based 

on visual estimation of perennial peanut biomass and orchard tree species composition. 

The soil solution was collected approximately twice a month and following some heavy 

rainfall events. Rainfall and temperature data were collected on site at Poamoho and 

near-site for the Waimanalo orchard farm. 

2.3.3 Recovery Test 

The field study was followed by a soil column test in the laboratory to determine 

the Cardy meter's performance for three soil types. The first two soils were collected 

from the field sites with the Wahiawa and Lolekaa soil types. In addition, agricultura1 

soil from the Waimanalo UH Agriculture Research Station was selected since the 

Lolekaa soil series collected from the Waimanalo orchard farm is more weathered and 

oxidized and consequently, not a representative of soil in that area. The soil collected 

from the UH Waimanalo research station is classified as Waialua soil series, which are 

very-fine silty clays (kaolinitic, isohyperthermic Pachic Haplustolls) and found on 5,500 

acres on Oahu. This series is good for pastures and orchards since it consists of shallow, 

well-drained silt loams that formed from volcanic ash. This soil series is typically at 

elevations ranging from sea level to 1,000 feet. 

Soil columns were constructed from PVC pipes 30 em long by 5 em in diameter 

and attached with silicon sealant to a PVC cap. Columns contained a base layer of gravel 

and then filled with soil 2.56 em from the top. Soil was screened through a 2 rom mesh 

screen prior to filling. Columns were saturated from the bottom with de-ionized water. 

Pore volumes were determined for each column by taking the difference of the saturated 
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soil weight in grams and the weight of the dried soil in grams and dividing by the total 

volume. 

PV inml = (Wsat- Wdry) '" 1000 (I) 

A filter was placed atop the soil surface to ensure even distribution of water and 

ammonium nitrate solution (VWR, PA). Three nitrogen levels were evaluated for each 

soil type: background levels with no N added, 50 (50 I1gfL nitrate-nitrogen added) and 

250 (250 I1gfL nitrate-nitrogen added). Prior to solution collection, columns were flushed 

with 2 pore volumes of de-ionized water applied at half-pore volume increments. The 

nitrate solution was applied using a I ml pipette to the soil surface. 

The Cardy meter was used to determine nitrate-nitrogen concentrations for all 

collected solutions. A correlation using the least squares method was used for 

comparison between the Cardy and ADSC analysis for 43 samples. Each soil type and 

nitrogen level was replicated 3 times. 

2.3.4 Soil Solution Analysis 

The soil solution samples were read according to the manufacturers' instructions 

and read in triplicate. Total processing time was kept as short as possible, and samples 

were stored at approximately 4°C to minimize nitrogen ion transformation prior to 

reading analysis. The soil solution was transferred from the field in coolers and brought 

up to ambient temperature (25°C) prior to all readings. A pipette was used to transfer I 

ml of soil solution onto the selective electrode. The meter reading was recorded after 

meter stability (around 10 seconds). The sensor was rinsed with deionized water in 

between samples and blotted dry with Kimwipes©. Calibration of the meter was checked 
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with the standard solutions (20 ppm and 450 ppm) after every 3 samples to ensure 

accuracy, and when needed, the meter was re-calibrated. 

The accuracy of the Cardy nitrate meter was evaluated by analysis of known 

nitrate-nitrogen concentrations and by comparison of duplicate samples of soil solution 

analyzed by a conventional colorimetric method based on Henriksen and Selmer-Olsen 

(1970) (Appendix B). This method is based on reduction of nitrate by copperized 

cadmium. 

2.3.5 Statistical Analysis 

Analysis of regression and coefficients of determination were calculated by the 

least square method using Microsoft Excel©. Standard error was calculated for all 

averaged values. An analysis of variance (Proc GLM) was used to determine 

significance between methods and soil type with Statistical Analysis System computer 

software (SAS Institute, 1996). Using Proc GLM is applicable for data sets with missing 

data. 

2.4 Results and Discussion 

2.4.1 Climate data 

At the Poamoho farm, rainfa1l peaked in January and March (figure 2.1). For 

Waimanalo, the rainfall was higher in March and April. Typically for these areas, annual 

rainfall varies from 20 to 40 inches with most of the rainfall received during the summer 

months. Historical data from 1971 through 2000 are presented in figure 2.2 and 2.3 for 

Poamoho and Waimanalo, respectively and demonstrate that sample period is drier than 

the 29 year rainfa1l data. 
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2.4.2 Field DIItIl 

Correlation between the two methods was completed on 79 field soil solution 

samples, of which 56 were from Poamoho and 23 were from Waimanalo (figure 2.3). 

Correlation between the Cardy meter and standard laboratory method was high across 

soil types with aR2 value of 0.92 for all field samples. The difference in nitrate-N 

concentrations between the methods was not significantly different. 

However, the correlation strength between the methods differed by soil type. 

Wahiawa soil had a stronger correlation (~=O.929) than the Lolekaa soil (~=O.573). For 

the field soil solution collected from the Poamoho organic farm, nitrate-nitrogen values 

determined by the Cardy meter were consistently under reported in 75% of the samples. 

In contrast, for the Waimanalo farm, overestimation in nitrate-nitrogen concentrations 

occurred in 88% of the samples and can be attributed to higher chloride concentration in 

the soil solution (table 2.1). Also, the range of values measured for field soil solution 

differed between farms. The Lolekaa series had a narrower range of nitrate-N 

concentrations. This is possibly due to higher synthetic fertilizer usage at the Waimanalo 

farm and less variability in perennial peanut densities. 

As explained earlier, the accuracy of the Cardy meter is adversely affected by ion 

interferences, in particular chloride ions. From the field samples, 5 were selected to have 

chloride concentrations quantified (table 2.1). Since chloride concentrations were 10 to 

15 times greater than nitrate-nitrogen concentrations at the Waimanalo field site, it is 

suspected that chloride interference occurred. 

Furthermore, the pH between the two soil solutions differed by field location and 

can affect the availability of nitrogen for uptake or soil retention. At the Poamoho farm, 
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pH of the soil solution ranged from 8.33 to 7.65 depending on perennial peanut 

treatments. The pH at the Waimanalo farm was less variable ranging from 7.82 to 7.74. 

It is important to note that these reported soil pH ranges are atypical of the soil series. 

The Lolekaa soil series at Waimanalo tends to be higher naturally; however, the Wahiawa 

soil series at Poamoho is classified as an acidic Oxisol, which normally have a pH range 

of5.6 -7.1 (table 2.2). The alkaline soil pH measured is probably a function ofliming 

and farm management history. 

2.4.3 Column DfltIl 

For the leachate recovered from soil columns, the methods were well correlated 

but there were differences in precision and accuracy among the soil types. The Lolekaa 

series had the highest precision (r=O.95) with standard laboratory values but was the 

least accurate, with a slope of 1.77, which indicates values reported by the Cardy meter 

were under reported when compared to the lab values. This is unusual since field 

samples nitrate-N were overestimated. The higher concentrations reported from the lab 

method could be due to color interferences since the leachate solution under the Lolekaa 

was visually redder when compared to the other samples, indicating iron in the solution. 

The colorimetric method used by ADSC uses a color change based upon a pink solution, 

the redder solution would cause concentrations reported by the lab to be higher. In order 

to reduce any experimental error, the solution was allowed to settle so solution tested 

would be clearer. 

The highest accuracy was seen in the Wahiawa soil series with a slope of 0.99 and 

a r value of 0.89. This soil series also had the largest range used in the regression 

analysis. The weakest correlation (r=o.77) as well as the least accurate (slope of 0.85) 
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was in the Waialua soil series (figure 2.5). The Cardy meter overestimated 

concentrations for the Waialua series and may be a function of soil pH and interfering 

ions. This could be attributed to the higher organic matter (2.08% C) in the Waialua 

series than the other soils. Furthermore, this soil series was more fertile than the other 

soil types with significantly higher macronutrient concentrations and was the only soil 

series tested that was slightly acidic (PH = 6.4). The higher amount of nutrients and 

organic matter could have caused interferences in the Cardy meter readings. 

Furthermore, nitrogen ion transport did not varied significantly by soil series. The 

total amount of nitrate recovered was similar among soil types, but the Waialua soil 

series bad the largest background concentration. Recovery rates are presented in table 

2.3. 

Breakthrough curves for all soil types experienced a first pulse around half a pore 

volume with a peak at 1 pore volume (figure 2.6). This first pulse could be due to 

background concentrations. In the higher nitrate application rate, total nitrate-nitrogen 

recovered was the largest, with some additional amendments possibly contributed by 

organic matter (data not shown). 

2.5 Conclusion 

Although correlation between methods differed by soil series, the Cardy meter 

was successful in being able to rapidly determine nitrate levels in the soil solution under a 

perennial peanut living mulch as well as in controlled lab trials. The analysis for the soil 

solution by the Cardy meter is well suited for soil solution analysis under lab conditions. 

The overall strength of the correlation between the two methods suggests that rapid 

nitrate analysis by the Cardy meter may be used for real time nitrate monitoring. The 
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accuracy of the meter is influence by soil as seen with the overestimation of nitrate 

concentrations in the Lolekaa soil series and should be taken into account when designing 

optimal fertilizer recommendations. However, in terms of screening and nitrogen 

monitoring, the rapid analysis by the Cardy meter would be adequate for nutrient 

management decisions. 
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Table 2.1. Chloride concentrations for selected field samples analyzed by titration using 
a semi-automated silver nitrate colorimetric method. 

PP Treatment Soil Type Chloride Concentration Nitrate Concentration 
(ODm) (ODin) 

Hie h Wahiawa 36.4 17.68 
h Hie Wahiawa 74.2 291.28 

Low Wahiawa 65.6 50.83 
NA Lolekaa 116.4 53.04 
NA Lolekaa 203.6 81.02 

Table 2.2. Selected soil characteristics for common agricultural soils in Hawaii. 

Soil Soil Soil Textural Mineralogy Soil pH Potential N 
Series Order Classification Class mineralization 
Wahiawa Oxisol Haplustox Clay Kaolinite 5.6-7.1 Low 
Waialua Mollisol Haplustoll Silty Smectite! 6.4-6.7 Intermediate 

Clav halloysite 
Lolekaa illtisol Palehumults Silty Kaolinite 4.5-5.1 Intermediate 

Clay 

Table 2.3. Recovery rate in percent (%) ofnitrate-N applied as ammonium nitrate from 
soil column leachate collection by soil series. 

Soil Series Nitrate Rate 
50m2 250m2 

Wahiawa 95.9 79.9 
Lolekaa 92.3 74.6 
Waialua 83.4 51.4 
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Figure 2.1. On-site rainfall data for Poamoho and near site rainfall data for Waimanalo, 
Oahu field locations for sample period (November 2006 to May 2007). 
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Figure 2.2. Historical rainfall and on-site rainfall data for Poamoho field location during 
sample period (November 2006 to May 2007). 
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Figure 2.3. Historical rainfall and near-site rainfall data at the University of Hawaii 
Waimanalo Agriculture Research Station during sample period (November 2006 to May 
2007). 
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Figure 2.4. Relationship between rapid nitrate analyzed by the Cardy meter and ADSC 
lab nitrate for soil solution collected in field during sample period by soil series (n=79). 
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Figure 2.6. Solute breakthrough curves for (a) nitrate-nitrogen concentration and (b) 
cumulative nitrate-nitrogen at an application rates of 0, 50, 250 mgIL by soil series. 
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CHAPTER 3 

Spatial and Temporal Differences in SoU Properties nnder ArllChis pintoi 

(perennial peannt) in two Orchard Systems on Oahu. 

3.1 Abstract 

In tropical regions with high precipitation and weathered soils, living mulch 

systems may alleviate some of the problems associated with conventional agriculture. In 

such systems, legwnes are concurrently grown with the economic crop to help address 

nutrient, and in particular, nitrogen deficiencies. For example, anecdotal evidence 

suggests that the perennial peanut (Arachis pintoi 'Golden Glory') may increase the soil 

availability of nitrate and other nutrients as well as improve early tree growth when used 

as a living mulch in certified orchard systems. However, little work has been done to 

quantify the contribution of perennial peanut to rhizosphere nutrient levels in Hawaii's 

unique soils or on the early growth and establishment of young trees. Therefore, the 

objectives of this study were to (I) determine the effect of perennial peanut on select soil 

properties and (2) to monitor spatial and temporal concentrations of soil nitrate under a 

perennial peanut living mulch system at two orchard farms on Oahu. Results of this 

study demonstrate significant relationships between perennial peanut density on soil 

physical properties (bulk density and soil moisture) and for soil chemical properties (soil 
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pH, K, Ca, Mg, Mn, Fe, and Zn). Average electrical conductivity (BC) was positively 

related to soil nitrate-N concentrations (r=O.83); however, individual sample correlation 

between EC and nitrate-N was weakly correlated (r=o.28). Small scale heterogeneities, 

such as macropores or low-penneability areas, introduced variability into measured soil 

properties but replication in treatment, testing methodology, and selection of site 

locations attempted to reduce this error. 

3.2 Introduction 

Previous studies have shown that the availability of soil nitrogen and phosphorus 

regulate plant growth and affect crop yields. However, nitrogen is considered the most 

limiting nutrient in many agricultural ecosystems due to the large energy requirement 

required to reduce nitrogen. For nitrogen fixation, approximately 960 kJ per mole ofN2 

is used (Dubeux et al. 2007). In addition, nitrogen deficiencies in tropical regions are 

high due to increase precipitation and weathered soils. 

A viable practice to overcome low soil nitrogen availability is the use of living 

mulch systems with nitrogen-fixing species such as legumes. Past studies have indicated 

that legumes can increase the availability of inorganic N in the rhizosphere through 

biological fixation of atmospheric nitrogen (Dubeux et al. 2007, Sainju et al. 2006). 

Under legume species, the soil nitrogen pool is comprised of soil organic matter, 

soil microbial biomass, fixed ammonium, and plant available inorganic nitrogen. The 

increase in nitrogen pools is found in the rhizosphere. The rhizosphere is the soil-root 

interface and is often different chemically than the bulk soil (Haoliang et al. 2007). 

Under legumes, the rhizosphere can contain from 4500 to 24,000 kg N ha-l (Dubeux et al. 

2007). However, in systems where root biomass is larger than above ground biomass, 
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nitrogen levels will be lower since roots contain relatively little nitrogen with rhizosphere 

level ranging from 20 to 300 kg N ha· l (Dubeux et al. 2007). Therefore, using legume 

living mulches can improve nutrient and soil physical properties by increasing soil 

nitrogen availability, soil organic matter, and the water holding capacity of the soil. 

As a living mulch, Archais pintoi (perennial peanut) has the ability to increase soil 

available nitrogen. This popular tropical legume is used for a forage crop, an ornamental 

species, and as a groundcover. The perennial peanut is native to Brazil but has been 

introduced to parts of the United States, Asia, Australia and other areas in the Pacific. 

Although perennial peanut can grow in a variety of soils, this legume is commonly used 

for weathered, sandy loam soils with moderate fertility. Perennial peanut is suited to 

weathered soils where aluminum concentrations may be high. Furthermore, perennial 

peanut is tolerant of manganese and can grow in a range of soil pH (4.5 to 7.2). 

Nutritional requirements for perennial peanut include low levels of copper, molybdenum, 

and lime with only a moderate requirement for phosphorus and zinc. 

A number of studies have been conducted to show how living mulches can 

improve crop production (Feil et al. 1997, Pypers et al. 2007, Sainju et al. 2006, Chabi

Olaye et al. 2005), but are understudied for tropical regions and often exclude tropical 

legumes. Therefore, the objective of this study was to determine the effects ofperennial 

peanut as a living mulch system on select soil properties. 

3.2 Material and Methods 

3.2.1 FkId Study Sites and Experimenttd Design 

Soil solution was collected from suction cup lysimeters on orchard farms located 

in Poamoho and Waimanalo, Oahu. Installation details are described in Chapter 2. The 
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soil types are classified as the Wahiawa and Lolekaa soil series at the Poamoho and 

Waimanalo farms, respectively. The Wahiawa series is a manganiferous Oxisol and 

comprises approximately 21,000 acres on Oahu. Wahiawa soils are well drained and are 

very-fine silty clays (kaolinitic, isohyperthermic Rhodic Haplustox) that are strongly 

aggregated. The Lolekaa soil series are very-fine silty clays (parasesquic, 

isohyperthermic Typic Palehwnults) and comprise 11,000 acres on Oahu. The Lolekaa 

soil series is a weathered, typically acidic, Ultisol and is associated with higher rainfall 

areas and good soil physical properties. Soil characteristics associated with these soil 

series are presented in tahle 3.1. 

Installation of soillysimeters is described in Chapter 2. Field samples were 

collected during November 2006 to May 2007 and sampled within the rhizosphere of 

perennial peanut at a depth ofJO em. At the Waimanalo farm, an additional depth of 15 

cm was sampled. These depths are sufficient for orchard systems when monitoring 

nitrogen levels (Robotham et al. 2004). The soil solution was collected approximately 

twice a month and included some heavy rainfall events. At Poamoho, an on-farm 

weather station was installed 1011 0/2006 to record at site precipitation events. These 

measurements are compared to historical rainfall data collected for the area during 1971 

to 2000. 

For the Wahiawa soil series at Poamoho, perennial peanut treatment categories 

were selected based on visual assessment of plant density. The categories consisted of 

Low, Medium, and High treatments. Each treatment category had three random locations 

throughout the farm with two replications at each location. Similarly, on the Waimanalo 
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fann, there were six random locations, sampling two depths (15 em and 30 em) 

throughout the farm. 

Soil cores (5 X 15 em) were also taken twice during the sample period, 3/9/2007 

and 6/21/2007 for the Poamoho farm, and submitted to the Agricultural Diagnostic 

Service Center (ADSC) at the University of Hawaii - Manoa for extractable 

macronutrients and micronutrients analysis. 

Due to low soil moisture at the Waimanalo farm, soil solution collection was 

problematic as lysimeters were often dry and the vacuum would not hold. Therefore, soil 

samples were taken with the use of a hand auger and analyzed by the Cardy meter for 

extractable nitrate-nitrogen concentrations to supplement soil solution analysis for nitrate 

at the Waimanalo fann. The extraction method follow procedures from Westerveld et al. 

(2007) as well as manufacturer's recommendations. Samples were allowed to air dry and 

sieved through a 2 mm mesh screen. Nitrate-Nwas extracted using a 1:1 ratio with a 30 

ml potassium nitrate/aluminum sulphate extractant (20 ppm nitrate-N) that was mixed 

with 30 ml of soil. This soil slurry was stirred by hand for 2 minutes. Solution was 

collected from filtering and pipetted onto the Cardy meter sensor. The extractant solution 

(20 ppm) was subtracted for all readings. This method proved to be ineffective as 

extractant solution was mostly absorbed and readings were often a negative value and 

could not be related to laboratory measurements made by the ADSC. 

3.2.2 Samples Analysis 

Sample analysis included soil solution chemical analysis, soil chemical analysis, 

and soil physical analysis with procedures discussed below by subheadings. For the soil 

solution, field samples were analyzed for nitrate-nitrogen, electrical conductivity, and pH. 

47 



The soil chemical analysis included extractable nutrients and extractable soil nitrate

nitrogen. Soil physical analysis included plant biomass, bulk density, and gravimetric 

water content. 

3.2.2.1 Soil Solution Antdysis 

The soil solution analysis was completed for nitrate-nitrogen, pH, and electrical 

conductivity. For nitrate-nitrogen, the soil solution samples were read using the Cardy 

meter, a rapid assessment method based on an ion selective electrode. The Cardy nitrate 

meter consists of a replaceable, miniature, ion-selective and reference electrode with a 

two digit LCD display. The meter weighs approximately 40 g and measures 9.4 em long, 

5.6 em wide and 0.9 em thick. The manufacture claims a resolution of I mg/L for nitrate

nitrogen concentrations between 0-99 mg/L, 10 mg/L for 100-999 mg/L, and 100 mg/L 

for >1,000 mg/L. 

All samples measurements were completed according to the manufacturer's 

instructions and read in triplicate. Calibration of the Cardy meter was based off of a two 

point slope calibration from standard solutions of20 ppm nitrate-nitrogen and 450 ppm 

nitrate-nitrogen (Westcott et al. 1993). 

Total processing time was kept as short as possible, and samples were stored at 

approximately 4°C to minimize nitrogen ion transformation prior to reading analysis. 

The soil solution was transferred from the field in coolers and brought up to ambient 

temperatures prior to all readings. A pipette was used to transfer I ml of soil solution 

onto the selective electrode. The meter reading was recorded after meter stability (around 

10 seconds). The sensor was rinsed with deionized water in between samples and blotted 

dry with Kimwipes©. Calibration of the meter was checked with the standard solutions 
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(20 ppm and 450 ppm) after every 3 samples to ensure accuracy, and when needed, the 

meter was re-calibrated. 

Electrical conductivity was recorded with the use of ion selective electrodes 

(sympHony Electrodes, VWR). Electrodes were calibrated with standard solutions prior 

to any measurements and reca1ibrated after every 4 samples when needed. 

3.2.2.2 Soil Chemical Analysis 

Extractable nutrients were measured by the ADSC. For phosphorus, Olsen's 

extractable phosphorus method was used and for extractable metals, the diethylene 

triamine pentaacetic acid (DTP A) method (Lindsay and Norvell 1978) was used. 

On the Waimanalo £ann, soil was collected and brought to the Sustainable 

Agriculture Laboratory for analysis. Extraction of soil nitrate-nitrogen read by the Cardy 

meter followed procedure recommended in the manual and by Westerveld et al. (2007). 

A 20 ppm extract solution was mixed in the soil at a 1: 1 ratio. Stirring occurred for 2 

minutes. Filtered paper was used to isolate soil solution and transferred by 1 m1 pipette 

directly onto the Cardy meter electrodes. However, this procedure was ineffective and 

measuring extractable soil nitrate. The soil absorbed most of the extractant solution, and 

leachate was hard to recover. This method did not produce any valid results as values 

reported by the Cardy meter were under the 20 ppm extractant solution. 

3.2.2.3 Soil Physical Antilysis 

For soil physical analysis, soil cores were used to collect soil samples at a depth 

of30 em from the soil surface adjacent to each lysimeter. For each treatment location, an 

average of two cores was used as a representative sample. Immediately after sample 

collection, soil fresh weights were determined in the Sustainable Agriculture Laboratory 
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and then dried in an oven at 72°e for 24 hours. After drying, bulk density (equation 1) 

was calculated and used to determine gravimetric water content and porosity (equation I, 

2, and 3 respectively). 

Ms 
Ph = Vt (1) 

where, pb (glem3
) is the soil bulk density, Ms (g) is the mass of the dry solids determined 

after drying, and Vt (em3
) is the total volume of the soil collected in the core. 

Mt-Ms 

VI 
(2) 

where 8g (gig) is the gravimetric water content or mass of water present in each unit mass 

of the dry soil. 

;=1-( Ph JI00 
2.65g/cm3 

(3) 

where t/J is the porosity (%), Ph (glem3
) is the soil bulk density. The relationship between 

porosity and particle density is an inverse relationship, meaning as particle density 

increases, porosity decreases. In this experiment, particle density was not directly 

measured and assumed to be 2.65 glcm3. Using this particle size, porosity was slightly 

higher (50-67%) than traditional clay soils, which tend to have porosity between 51 -

58%. 

Biomass measurements were made by placing one square meter adjacent to each 

lysimeter. Above ground biomass was removed and weighed in (kg). For each location, 

a digital photo was taken for documentation. 
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3.2.3 StfJtisticaJ Analysis 

Statistical analysis was conducted by using the Proc GLM procedure in the 

computer software Statistical Analysis System program (SAS Institute 1996) to address 

missing data. 

3.3 Results and Discussion 

3.3.1 ClImate data 

At the Poamoho farm, peak rainfall occurred in January and March. For 

Waimanalo, the rainfall was highest in March and April (figure 3.1). Historical rainfall 

data (1971 to 2000) for Poamoho in January is 10.99 em and 8.13 em for the month of 

March (figure 3.2). At Waimanalo, average rainfall data (1971 to 2000) for March is 

9.14 em with the wettest months ranging receiving approximately 11.68 to 17.02 em 

during November to February (figure 3.3). 

3.3.2 Soil Solution Analysis 

Poamoho 

Overall, there were no significant differences among biomass treatments for soil 

nitrate-nitrogen. Individual data based on dates does reflect different concentrations. 

The data reported shows high variability among replications and further statistical 

analysis based on individual measurements still resulted in no significant differences 

among treatments. However, the medium treatment generally had lower nitrate-N levels 

and may be due to active growth in these plots (figure 3.4). In addition, a clear 

relationship between soil nitrate-nitrogen concentrations and perennial peanut biomass 

cannot be made (figure 3.5). The high variability in the data reflects the dynamic nature 

of environmental conditions. For example, treatments were based on static categories 
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(low, medium, and high), yet changes in biomass occurred inconsistently in each 

treatment category. Furthermore, soil nitrate-nitrogen is dynamic within the soil profile 

and is affected by soil moisture. Figure 3.6 shows daily rainfall (em) for the Poamoho 

farm. With increased precipitation, soil nitrate can be leached from the rhizosphere, 

especially in soils with low anion exchange. Results indicated that as precipitation 

increased, soil nitrate-nitrogen concentrations typically decreased. The soil nitrate

nitrogen concentrations increases corresponded with increases in perennial peanut 

growth, as demonstrated by the low treatment category which increased by an average of 

0.10 kglm2 over the sample period. Therefore, temporal differences in soil nitrate

nitrogen concentrations seemed to be related to rainfall and biomass changes. The high 

concentrations of nitrate-N for all treatments reported in November are most likely an 

artifact of installation due to increases in organic matter mineralization. 

Electrical conductivity was variable by replication and by sample date. Although 

there was a positive relationship between electrical conductivity and nitrate-N 

concentrations, the low ~ (0.27) suggests that conductivity is not a useful proxy for field 

nitrate concentrations (figure 3.7). However, when averaged over the entire sample 

period, average electrical conductivity was related (~ = 0.83) to average nitrate 

concentrations with the strongest relationship seen in soil solution under the low 

perennial peanut density (figure 3.8). 

Waimanalo 

Similar to the Poamoho farm, nitrate-nitrogen concentrations did not statistically 

differ among planting densities. For this site, planting density was more consistent and 

uniform than the Poamoho farm, ranging from 0.18 to 2.72 kglm2
• The treatments 
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included sampling depths of 15 em and 30 em. There was no significant difference in 

nitmte-N by depth. However, there was a trend for lower nitmte-N at the deeper depth 

(figure 3.9). Higher concentrations ofnitmte-N at 15 cm are likely a function of root-soil 

interactions in the rhizosphere as well as organic matter decomposition. 

3_3.3 Soil Physictd Analysis 

Initial establishment in perennial peanut densities was based on biomass 

measurements taken during the first month of the sampling period. Low perennial peanut 

was defined as 0.02 to 0.27 kg/m2
, medium density treatment ranged from 0.46 to 1.00 

kg/m2
, and high ranged from 1.35 to 4.78 kg/m2

• Generally, biomass decreased after the 

rainy season, and the second biomass measurements were taken in August 2007. The 

high treatment reduced on average in above ground biomass by 0.91 kg/m2
, the medium 

reduced by 0.39 kg/m2 with complete death experience in one replication. However, the 

low perennial peanut density increased by an average of 0.13 kg/m2
• 

Table 2 presents physical soil properties for Poamoho perennial peanut densities. 

Treatments had a significant effect on bulk density (p>O.02). The replication and date of 

sample were not significant for bulk density. Since the perennial peanut treatments were 

significantly different from one another, the effect of treatment on soil physical properties 

could be due to root biomass differences since SOM was not statistically different. For 

example, the bulk density under the lowest treatment was the highest and can be 

attributed to less root development (figure 3.10). The bulk densities under the medium 

and high treatment were not significantly different from each other. Similarly, the soil 

moisture in the low treatment was significantly lower from the other treatments and is 
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probably related to the amount of water that can infiltrate and increase exposure of the 

soil surface, thus increasing the evaporation (figure 3.11). 

3.3.4 Soil Chemical Analysis 

In contrast to nitrate-N concentrations in the soil solution, other soil chemical 

characteristics varied widely with perennial peanut densities. Extractable nutrients 

completed for the Poamoho soil are presented in tables 1 and 2. Most nutrients under 

perennial peanut densities were highly significant. In particular, soil pH, potassium (K), 

calcium (Ca), magnesium (Mg), manganese (Mn), iron (Fe), and zinc (Zn) were 

significantly different as a function of perennial peanut biomass. Each of these is 

discussed below. 

SoilpH 

Soil pH ranged from 6.7 to 8.1, which is higher than the optimum range of 5.5 to 

6.5 for plant nutrient uptake. The treatment mesns for pH were significantly different. 

The high treatment had the lowest pH (7.17) and the lowest treatment had the highest pH 

(7.88). This relationship might be attributed to on-farm management. At Poamoho, 

liming was necessary prior to orchard tree planting since initial pH was very acidic. The 

lower pH in the high treatment could be a result of a buffer effect due to increased 

perennial peanut biomass production. The soil pH is typically lower under legume 

species (James Leary, personal communication). Furthermore. the soil pH can be 

buffered by clay minerals, such as kaolinite as found in the Poamoho soil (Marschner 

1995). However, with the limited use of fertilizer and observed lack of organic matter 

decomposition, the pH was much higher than expected and is likely to affect nutrient 
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concentrations within the soil profile by influencing soil microbial activity and plant 

growth by nutrient availability regulation (Taiz and Zeiger 2002, Lucas and Davis 1961). 

Extractobk Nutrients 

Phosphorus concentrations were highest in the medium and low treatments, which 

had P levels of 131 and 83.33 Itg/g, respectively. In terms of phosphorus plant 

availability, ifpH was influencing phosphorus, concentrations under the high treatment 

would be expected to be larger. However, the P level under the high treatment was 

significantly less (36.67 ltg/g) than the other 2 treatments. This suggests that pH is not 

influencing P concentrations. In addition. increase in biomass and nitrogen fixation 

would require more phosphorus inputs and the lower concentration in the high treatment 

could reflect this higher requirement by the plant due to active growth. However, the 

phosphorous cycle is complex and is regulated by many factors (Dubeux et aI. 2007). 

Similar to P concentrations, the high perennial peanut density had the lowest K 

concentrations (99.47 ltg/g) among treatments. For tropical soils, potassium is a based on 

cation exchange and in soils with low exchange capacities, exchangeable K is often 

leached. In weathered soils, K can be retained but with low release rates. However, in 

weathered soils retention rates would be expected to be high due to sorption by 2: 1 

minerals (Dubeux et aI. 2007). 

Calcium was significantly less under the high treatment. Calcium uptake in plants 

is genetically controlled; however, the availability of calcium for uptake is dependent on 

soil type. For tree fruit crops and peanut species, calcium requirements are high (Havlin 

et aI. 1999), which could explain the lower levels under high perennial peanut densities. 
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In contrast to other macronutrients, the magnesium concentrations were 

significantly higher under the high perennial peanut treatment. Even though Mg is a 

macronutrient, the plant's requirements are less than Ca or K which could relate to the 

reported values under the high treatment. Furthermore, the interaction between Mg and 

Ca should be noted. When Mg concentrations exceed Ca levels, normal Ca nutrition is 

interrupted (Havlin et al. 1999). However, from reported levels in the Poamoho soil, Ca 

levels were 16 times greater so any deficiencies related to Mg are expected to negligible. 

Manganese (Mn) levels were statistically different for all treatment levels. The 

highest concentration was under the high treatment (201.58 j.lg/g) and the lowest under 

the low treatment (80.63 j.lg/g). Typically differences in Mn can be related to organic 

matter cycling (Havlin et al. 1999). However, treatments did not differ in percent carbon. 

Fe levels in the medium treatment differed from the low, with the medium 

treatment being the largest. An increase in Fe under medium treatment could be a factor 

of plant growth changes. In the field, the largest change plant biomass (1-0.10 kg/m2
) was 

observed in the low treatment and therefore, increase plant nutrient demands. 

Furthermore, iron is essential for nitrogen fixation and could be related to less N fixation 

under the medium treatments (Taiz and Zeiger 2002). 

The other micronutrients tested, Zn and Cu followed the similar patterns with the 

low treatment being significantly lower than the other 2 treatments. Zinc absorption is 

affected by other metal cations, such as Fe and Mn. 
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Soil Organic Matter 

Although differences in percent carbon were not reflected by this data, it is 

important to mention in relation to nutrient discussion the role of soil organic matter. In 

legume mulch systems, greater carbon accumulation is expected when compared to 

monocropping (Tarre et al. 2001). Such increases could be due to legume abilities to 

alter soil aggregation or biomass and enzyme activity of soil decomposers through 

increased soil nitrogen (Dubeux et al. 2007). 

Soil organic matter (SOM) amounts, denoted by the measurement of%C, were 

not significant among perennial peanut biomass, but numerical differences among 

treatments might have influenced the nutrient concentrations. SOM has been 

demonstrated to significantly influence soil properties of highly weathered soils and 

agricultural soils where fertilization is limited. In fact, SOM not only improves soil 

physical properties but also soil chemical and biological properties. For example, 

increase SOM can increase cation exchange capacity and allow for greater nutrient 

supply (Dubeux et al. 2007). Therefore, changes in perennial peanut biomass results in 

SOM variability and thus affects nutrient availability. 

3.5 Conclusion 

Perennial peanut is an effective living mulch system that has the potential to 

positively impact the soil quality with regards to soil moisture, under irrigated conditions. 

Biomass influenced soil physical properties and was seen to be significant in terms of soil 

pH, K, Ca, Mg, Mn, Fe, and Zn levels. However, nutrient pools are complex and a 

function of interactive factors including climate, soil microbiota, and legume species. 
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Further research should be conducted to control perennial peanut density and monitor 

long-term soil property changes. 
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Table 3.1. Soil Characteristics Associated with the Wahiawa and Lolekaa soil series (from Soil Survey Staff, NRCS 
accessed 21 October 2007) 

Soil Soil Soil Textural Mineralogy Soil Potential N 
Series Order Classification Class pH mineralization 
Wahiawa Oxisol Haplustox Clay Kaolinite 5.6- Low 

7.1 
Lolekaa Ultisol Palehumults Silty Kaolinite 4.5- Intermediate 

Clay 5.1 

Table 3.2. Average macronutrients, pH, and %C by perennial peanut treatment for Wahiawa soil series at Poamoho. 
Duncan mean seoaration are for within columns at p>O.05 ------- ---------- ----.- --- ---- --- ------- --------- -- - -----

Treatments pH %C 
P K Ca Mg 

J.lgLml 

Low 7.88±O.03 a 2.12±O.23 a 83.33±8.20 ab 194.12±27.31 a 5848.67±440.42 a 431.42±41.07 b 

Medium 7.60±0.10 b 2.45±O.22 a 131.00±31.64 a 279.59±38.60 a 5104.67±673.70 a 499.58±50.48 b 

High 7.17±O.09c 2.06±O.09a 36.67±8.49 b 99.47±22.18 b 22%.37±220.29 ab 668.13±20.09 a 

Table 3.3. Average micronutrients by perennial peanut treatment for Wahiawa soil series at Poamoho. Duncan mean 
separation are for within columns and at D>O.05 . 

Treatments 
Mn Fe Cu I Zn 

J.lg/ml 

Low 80.63±4.45 c 3.13±O.33 b 7.38±O.15 b 6.37±O.42 b 

Medium 117.46±1O.18 b 5.02±O.55 a 9.27±O.34a 9.99±0.97 a 

High 201.58±14.42 a 4.29±O.37 ab 10.47±O.57 a 9.27±1.05 a 



Table 3.4. Perennial peanut density and physical soil properties for two different 
r date 3/6/07 d 6/15/07 ~ Wah' '1' th P h f sampllnj( s an or lawa SOl senes on e oamo 0 ann. 

Rep. 
Bulk Density Gravimetric Water 

Density ~ em3
) Content (f!! g) Porosity (%) 

Number 
3/6/07 6/15/07 3/6107 6/15/07 3/6107 6115/07 

1 1.21 1.23 22.79 16.16 63.92 53.55 
Low 2 1.25 1.22 16.99 13.97 62.08 54.11 

3 1.20 1.33 24.92 22.22 62.91 49.99 
1 1.10 1.28 20.05 14.85 65.51 51.55 

Medium 2 1.17 1.11 17.19 16.61 62.27 58.02 
3 1.20 1.24 17.11 14.54 61.25 53.15 
1 1.12 1.24 27.55 19.08 66.90 53.26 

High 2 1.15 1.04 26.83 20.52 65.67 60.84 
3 1.20 0.99 30.77 22.91 65.37 62.59 

60 



12 IiIlIPoamoho 

11 • Waimanalo 

- 9 1 8 

i 6 
c 5 i 3 

2 
0 

Nov. Dec. Jan. Feb. March April May June 

Month 

Figure 3.1. On-site rainfall data for Poamoho and near site rainfall data for Waimanalo, 
Oahu field locations for sample period (November 2006 to May 2007). 
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Figure 3.2. Historical rainfall and on-site rainfall data for Poamoho field location during 
sample period (November 2006 to May 2007). 

20 • Historical Rainfall 

• Near Site 

- 15 
1 
i 10 
c 

i 5 

0 
Nov. Dec. Jan. Feb. March April May June 

Month 

Figure 3.3. Historical rainfall and near-site rainfall data at the University of Hawaii 
Waimanalo Agriculture Research Station during sample period (November 2006 to May 
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Figure 3.4. Temporal changes in nitrate-N concentrations under perennial peanut living 
mulch on Poamoho farm. Bars represent standard errors. For replications, each point is 
representative of2 lysimeters and for biomass; errors are for 6 sample measurements. 
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Figure 3.5. Regression analysis between perennial peanut biomass at Poamoho and soil 
solution nitrate-N for sample date 1217/06. 

63 



I 
i 

I 
i 

I 
i 

80 

70 A 
80 / '\ 
60 / '\ 

/ '\ 
40 '\ 
30 

20 

10 

---\ /--- \ '\ 
/ 

-...---, 
--0-- PBpbalklu 2 

•• ••• •• ReplIcatIon 3 

--_all 
8 

7 

e i 
: I 
3 I 
2 

o 0 

~~ ,~ ~dO "'~ I' r&.s. _",.s. ,l b.s. ~.s. ..r.,# ~.s. .~.s. $ .tb.s. 
,,~ ",,(Ii .rP t»~ " "t' "vr .r '1>' .;' '!I' ~ ~. ~v ,r 

80 

70 

80 

60 

40 

30 

20 

llampleData 

(a) Low Perannlal Peanut Traatment 

-...--_, 
-<>-_2 

··· .. ···_3 
--_all 

8 

~ i 
: I 
3 I 
2 

':i-~~~~~~~~JQ~!-~-~~~~4J~~~--~~--1o 
~~ ,~ "",dO "'~ I' r&.s. _",.s. ~.s...r.,# ~.s. b.s. ~.s. ~.s. .,§I'\ .tb.s. 
~ # ~ ~ " ~ ~ .r ~ ~ '!I' ~ ~ ~ 4~ 

60 
45 
40 
38 
30 
211 
20 
18 
10 

--

Sample Data 

(b) Medium Perannlal Peanut Traatment 

llampleData 

(e) High Perannlal Peanut Traatment 

-...-._, 
--0--_2 

··· .. ···_3 
--_all 

Figure 3.6. Temporal changes in nitrate-N concentrations under perennial peanut living 
mulch on Poamoho farm with daily rainfall collected with an on-site rainfall gauge. 
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Figure 3.7. Relationship between electrical conductivity and nitrate-nitrogen 
concentrations for the Poamoho farm sampling period (n=134) . 
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Figure 3.8. Relationship between average electrical conductivity and nitrate-N 
concentration by perennial peanut biomass mass on the Poamoho farm. Each point is a 
mean of 10 values. 
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Figure 3.9. Relationship between soil solution nitrate-N concentrations and depth on the 
Waimanalo farm (n=II). 
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Figure 3.10. Bulk density under different perennial peanut treatments for the Wahiawa 
soil series at Poamoho. Duncan mean separation test performed at p>o.05. 
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Figure 3.11. Gravimetric water content under perennial peanut treannents for the 
Wahiawa soil series at Poamoho. Duncan mean separation test performed at p>o.05. 
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CHAPTER 4 

Effects of Propagule Type, Soil Type, and Inoculation on Perennial Peanut Growth 

and Nodulation 

4.1 Abstract 

Arachis pintoi (perennial peanut) was tested in a 2x2x2 factorial greenhouse 

experiment to determine how soil type, propagule type, and inocu1ation affected plant 

growth and nodu1ation. Treatments included propagule types of perennial peanut cuttings 

collected from an organic orchard in Poamoho, Oahu and commercial seed obtained from 

Bolivia (CIAT-17434). The soil types were collected from Poamoho and Waimanalo 

representing Wahiawa and Waialua soil series, respectively. These two soil series are 

important agricultural soil in Hawaii. Seeds or cuttings were inoculated with Rhizobium 

$p. as desired and planted in tree tubes. Plants were irrigated and allowed to grow for 4 

weeks prior to harvesting. Results showed soil type had a significant affect on shoot 

biomass, total biomass, and plant growth. However, root biomass and nodu1ation did not 

differ between soil types or by inoculation. Typically, shoot biomass was larger in 

Waialua soil series collected from Waimanalo than in the Wahiawa soil series from 

Poamoho. Propagule type was significant in plant growth, all plant biomass, and number 

of nodules. Inocu1ation did not increase biomass or nodu1ation for either propagule type. 
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Therefore, inoculation may not be necessary in these tropical soils, but propagule type 

should be considered when selecting perennial peanut as a cover crop. 

4.2 Introduction 

Historically, agricultural off farm inputs, such as nitrogen based fertilizers, have 

been used to improve soil quality; however, such practices can be harmful to the 

environment and is a primarily contributor to nonpoint source pollution. AIl a result, 

modem agricultural practices employ more sustainable practices including cover crops 

and living mulch systems. 

Living mulches can be defined as a cover crop being planted with a main crop 

with the intention of weed suppression and soil quality benefits. In living mulch systems, 

improved soil quality can be seen in terms of soil structure, increase biomass, and soil 

microorganism activity (Duda et aI. 2003, Sainju et aI. 2003, Shen and Chu 2004). 

Additionally, living mulches aid in soil protection by decreasing the impact of raindrops 

and reducing runoff. Even though there are many planting options for living mulches, 

legume species are commonly used since these species can increase soil nitrogen through 

nitrogen fixation (Sainju et aI. 2006). Legumes biologically fix nitrogen from the 

atmosphere as a result of a symbiotic relationship with soil bacteria populations (Garcia 

et aI. 2004). 

In tropical regions, an important cover and forage crop is Arachis pintoi, or the 

perennial peanut (PP) (Hensleyet aI. 1997). PP is a warm season legume and is used for 

living mulches due to its ability to within stand dry, infertile, and shaded conditions. PP 

is native to Brazil but found in subtropics and tropical regions for permanent pasture, 

ground cover, and ornamental uses (French et aI. 2006). 
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In association with Rhizobium (cowpea type), perennial peanut is able to fix 

atmospheric nitrogen (Allen et al. 2006). Because contact between legume and bacteria 

is needed for nitrogen fixation, plants are often inoculated to increase bacteria 

populations (Lanier et al. 2005). However, environmental factors can limit the 

inoculation benefits. Rate of fixation are influenced by several factors including soil type 

and bacteria type since the bacteria is host specific (Redmon and Smith 2001, Roberts 

and Olson 1942). In particular, soil type has been demonstrated to influence the diversity 

of the bacterial population and the success of root inoculation (Egamberdiyeua 2007). 

However, there is a lack of knowledge for soil type and inoculation effects on 

biomass growth for PP and in Hawaiian soils. Therefore, the objectives of this study 

were to examine the effect of two different soil types, inoculation, and seed source on 

production of perennial peanut biomass and nodule formation. 

4.3 Methods 

4.3.1 Plant and Soil Collection and SampUng 

Soils were collected from the University of Hawaii - Manoa Poamoho and 

Waimanalo Agricultural Research Stations. The soil from Poamoho is classified as the 

Wahiawa soil series, which is a manganiferous Oxisol and comprises approximately 

21,000 acres on Oahu. Wahiawa soils are well drained and are very-fine silty clays 

(kaolinitic, isohyperthermic Rhodie Haplustox). 

The soil collected from the Waimanalo research station is classified as the 

Waialua series. The Waialua soil series are very-fine silty clays (kaolinitic, 

isohyperthermic Pachi Haplustolls) and comprise 5,500 acres on Oahu. 
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After field collections, soil samples were air dried in the Sustainable Agricultural 

Systems Laboratory at UH and then sieved through 2.2 rom screen to remove plant 

organic matter residue and larger soil aggregates. Tree tubes were filled with soil to 2.54 

em from the top. Filter paper was placed at the bottom of each tree tube to contain the 

screened soil. The soil was saturated from the bottom for 24 hours before planting or 

propagation. 

The PP cuttings were collected from an organic orchard in Poamoho, Oahu and 

stored in a cooler until planting in the greenhouse. Cuttings were cut below the leafnode 

with extra leaves removed and buried approximately 1.5 em below soil surface. The PP 

seed was obtained from Bolivia and was the variety CIAT -17434. 

4.3.2 Greenhouse and Treatment Design 

PP seeds were sown and PP cuttings vegetatively propagated for four weeks at 

Pope Greenhouse, UH. Treatments included the two different soil types described above 

and inoculation or not inoculation of seed or cutting prior to planting with cowpea type 

Rhizobium. Experimental design was done in complete randomized blocks as a 2x2x2 

factorial and with 4 blocks and 3 subsamples per replications. Blocking was done by 

greenhouse location. 

The cowpea Rhizobium (Nitrogena©, Wisconsin) was used for perennial peanut 

seeds and cuttings inoculant. This inoculate has five different strains of Bradyrhizobium 

sp. that were isolated from a broad range oflegume hosts. Prior to plantings, PP seeds 

were soaked in 10 ml of inoculant slurry and allowed to dry before sowing. Three seeds 

were sown per tree tube and after germination, were thinned to one per tube. For PP 

cuttings, stem cuttings 10 - 15 em in length were partially buried at approximately 2.54 
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em in the tree tubes. The plants were watered with overhead irrigation. To minimize 

splashing and contamination, perlite was added to the surface of the soil in each tree tube. 

Tree tubes were spaced apart 2.54 em within the blocks. 

4.3.3 Measurement of Biomass 

PP plants were removed from each tree tube after 4 weeks and were weighed for 

total biomass, shoot biomass, and root biomass. Nodules visible with the naked eye were 

counted on each PP plant. For seed plants, nodules on the tap root were counted and for 

cutting plants, all nodules present on the root hairs were counted. A single sub-sample 

from each replicate was photographed under a dissecting microscope and nodule size was 

measured using ImageJ software (Abramoff et al. 2004). 

4.3.4 Statisticlll Analysis 

Results were analyzed statistically by the analysis of variance using the Proc 

GLM analysis in SAS (Statistical Analysis Software 1985). Means of significant main 

effects were separated using the Duncan's multiple range test at P < 0.05. 

4.4 Results and Discussion 

4.4.1 Biomass 

Total biomass and growth over the 4 weeks were influenced by soil type, plant 

type, and the interaction of between plant and soil types (table 1). The effect of plant 

type was highly significant for both total biomass and plant growth. The seed perennial 

peanut produced more total biomass than the cuttings. This is to be expected due to the 

longer rate of establishment for cuttings and increase root growth with seed perennial 

peanut. Germination of seeds can occur as early as a couple of days but typically takes 

10 to 15 days. 
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Similarly, the effect of soil on total biomass and plant growth was significant with 

means statistically different. Peanut growth in the Waimanalo soil was significantly 

larger than growth in Poamoho. The Waimanalo soil was collected from an area with 

extensive agricultural history. In addition, the Waimanalo soil is more nutrient rich, and 

therefore, probably is more fertile than the Poamoho soil, which is a highly weathered 

Oxisol. Furthermore, the interaction between these two factors was also significant for 

total biomass and plant growth. 

Both plant type and soil type were highly significant for shoot biomass, with the 

interaction of plant and soil type being significant. The seed PP had a statistically larger 

mean than the cuttings. Also, shoot biomass was greater (1.18 to 2.39 kglm2
) in Waialua 

soil series at Waimanalo with the most biomass being produced by seeds. This is likely a 

function of an increase in plant available nutrients as explained above. 

For root biomass, seed PP statistically produced more biomass which is a function 

of tap root growth. Cuttings ofPP produce finer root hairs. In contrast to shoot biomass 

and total biomass, soil type did not have a significant effect on root development, but the 

interaction between seed and soil type was not significant (p>O.09). 

For the cuttings, there was complete death in one block for each soil type with 

inoculation treatment. Cutting deaths were anticipated and a fifth block with a partial 

factorial was completed for such substitutions. However, lack of germination was not 

expected as three seeds were planted in each tree tube. Therefore, lack of germination in 

the seed treatments occurred for all of one block in the seed-Poamoho-inoculate 

treatment, resulting in calculations using three blocks instead of four. 
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4.4.2 Nodulation 

The effect of propagule type was highly significant for nodulation (table 2). The 

number of nodules was statistically different, with seeds producing an average of 39 

nodules on the tap root alone. The cuttings had an average of 16 nodules on the entire 

root system. The difference in nodule numbers could be due to stress of the cuttings prior 

to planting and the large nutrient and energy inputs needed for biological fixation. In 

addition, the tap root could be able to uptake more nutrients thereby allowing for the 

plant to use extra energy and resources into formation of nodules. 

Differences in nodules were significant at for soil type (p>O.038). highly 

significant for propagule type (p>O.OOOl). and significant for the interaction between soil 

and propagule type (p>O.041). Due to a significant interaction between these two main 

treatments. data was separated by soil type and an ANOV A was completed again for the 

number of nodules. In the Wahiawa soil series. the propagule type was significant 

(p>O.055) as well as the interaction between propagule type and inoculation (p>O.048). 

This soil series was less fertile when compared to the Waialua soil series. especially in 

terms of the phosphorous levels (24 l1g/g). The lower concentration of this nutrient could 

have limited the nodulation of the perennial peanut in the Wahiawa soil series. The 

ANOVA results for Waialua soil series show significance only for propagule type. 

Representative examples of nodulation on treatment plants is presented in figure 

4.1. Biological nitrogen fixation is a large investment in terms of plant resources. 

Significant carbon and energy metabolism is required for symbiotic nitrogen fixation in 

legumes (Schulze 2004). With cuttings. this nutrient and energy investment proved to be 

too large and draws resources from the plant at the cost of biomass production. In 
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addition, nodulation increased with biomass. There was a stronger correlation between 

biomass and number of nodules for Waimanalo (r=O.78) than in the Poamoho soil 

(r=O.60) and with seed (r=O.81) over cuttings (r=O.49) (figure 4.3). 

4.5 Conclusion 

Perennial peanut performance is affected by soil and propagule type. In 

particular, biomass and growth is affected by propagule type. Many farmers chose to 

plant cuttings because of the ease of acquiring this propagule type and concern over 

attracting rodents by planting seed. However, seed growth and nodulation were 

statistically better than the cuttings. For rapid establishment and increased biomass 

production, seeds should be selected over planting cuttings. In addition, this data 

demonstrates that perennial peanut will not always respond to inoculation of Rhizobium 

(cowpea type). On Hawaiian soils, there seems to be an abundant bacterial population 

significant enough for nodule fonnation. However, the presence of nodules does not 

always correlate to increased nitrogen fixation by the plant Further research is needed to 

assess the degree of nodulation and its relationship to increase nitrogen fixation. 
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Table 4.1. Soil characteristics associated with Wahiawa and Waialua soil series (from 
Soil Survey Staff, NRCS accessed 21 October 2007). 

Soil Soil Soil Textural Mineralogy Soil PotentialN 
Series Order Classification Class pH mineralization 
Wahiawa Oxisol Haplustox Clay Kaolinite 5.6- Low 

7.1 
Waialua Mo11isol Haplustoll Silty Smectite! 6.4- Intermediate 

Clay halloysite 6.7 

Table 4.2. Measured soil properties for soil series Waialua and Wahiawa used in the 
greenhouse study. 

Soil 
pH %C 

P K Ca Mg Mn Fe Cu Zn 
Series l1g1l 

Waialua 6.4 2.08 431 900 4556 1701 92 57 5.7 6.1 

Wabiawa 7.2 1.83 24 873 2266 236 85 2.4 7.0 10 
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Table 4.3. Effect of soil type, propagule type, and inoculation on perennial peanut biomass. For mean comparisons tested 
with Duncan (DMR), letters comparisons are within columns p>O.OS. 

Treatments Total Biomass (g) Deltal Biomass (g) Shoot Biomass (g) Root Biomass (g) 
Soil Seed Source and 
Type Inoculation (n X + S.E. DMR X + S.E. DMR X + S.E. DMR X + S.E. DMR 
~ Seed + I 3.37 +0.30 a 3.37 +0.30 a 2.39 +0.70 a 0.98 +0.48 a 
~ Seed 2.95 +0.47 ab 2.94 +0.47 ab 2.05 +0.33 ab 0.90 +0.17 ab 
.~ Cutting + I 1.57+0.20 cd 0.47 +0.19 d 1.24 +0.12 c 0.33 +0.09 d 
~ Cutting 1.51+0.23 cd 0.55 +0.20 d 1.18 +0.15 c 0.33 +0.09 d 
o Seed + I 2.45 +0.52 be 2.45 +0.52 be 1.60 +0.31 be 0.85 +0.21 abc 

..c::: 
o Seed 1.97 +0.31 cd 1.97 +0.31 c 1.40 +0.21 c 0.57 +0.11 bed 
~ Cutting + I 1.45 +0.22 d 0.45 +0.16 d 1.05 +0.15 c 0.40 +0.08 d 

'--- c.. _£uttiJlg_ _ 1.7~ ±Q.22 __ cd Jl.73 :to.20 ~ 115 :to.14 c _0.5:L±9.09 ,-----cd 

Delta2 = final biomass - initial biomass. Initial biomass does not include seed weight. 



Table 4.4. Effect of soil type, propagule type, and inoculation on nodulation. For mean 
com 05. parisons tested with Duncan JDMR), letters com~arisons are within columns ~. 

Treatments Number of Nodules Nodule Size (mm) 
Soil Seed Source and 
Type Inoculation X+S.E. DMR X+S.E. DMR 

0 Seed+1 52.42+6.21 a 1.31+0.11 a 01 

~ Seed 46.70 +8.31 a 1.32+0.07 a 
Cutting + I 13.73 +5.41 be 0.88+0.09 a ·01 

~ Cutting 18.62 +5.65 be 0.92+0.10 a 
0 Seed + I 35.38 + 11.87 ab 1.37+0.09 a .c 

Seed 20.82+6.27 be 0.98+0.08 

~ 
a 

Cutting + I 9.45 +3.90 c 1.33+0.23 a 
ll. Cutting 23.15 +9.97 be 1.17+0.38 a 

Table 4.5. ANOVA for Number of Nodules for Wahiawa soil series from Poamoho. 

Source df SS MS Fobs Pr>F 
Total 42 32573.44 775.56 1.05 

Block 4 3466.14 866.53 1.17 0.34 

Trt (3) 6037 2012.33 2.72 
Innoc 1 0.14 0.14 0.00 0.99 
Type 1 2922.07 2922.07 3.94* 0.05 

Type*Innoc 1 3114.79 3114.79 4.20* 0.05 

Error 35 25931.79 740.91 

Table 4.6. ANOVA for Number of Nodules for Waialua soil series from Waimanalo. 

Source df SS MS Fobs Pr>F 
Total 50 38514.04 770.28 1.04 0.09 

Block 4 4004.32 1001.08 2.17 0.09 

Trt (3) 17477.52 5825.84 37.92 .... <0.0001 
Innoc 1 4.97 4.97 0.01 0.92 
Type 1 17201.79 17201.79 37.32** <0.0001 

Type*lnnoc 1 270.76 270.76 0.59 0.45 

Error 43 19820.79 460.95 
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PP seed inoculated in Wahiawa soil. PP seed not inoculated in Wahiawa soil. 

PP seed inoculated in Lolekaa soil PP seed not inoculated in Lolekaa soil 

PP cutting inoculated in Wahiawa soil 

PP cutting inoculated in Lolekaa soil PP not ' nO(: ulale:a 
Figure 4.1 Digital photographs of each sample treatment taken under a dissecting 
microscope. Measurements marks are in nun. 
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Figure 4.2. Relationship between total biomass and number of nodules by soil type. 
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CHAPTERS 

Summary 

5.1 Introduction and Project Overview 

Nutrient management is essential in agriculture. In particular, nitrogen is often a 

concern. Nitrogen is a major plant macronutrient and often is used as an indicator of 

plant nutrition status. Nitrogen is only available for plant uptake in the forms of nitrate 

and ammonia and due to the negative charge associated with the nitrate compound; it is 

often leached from the soil and can become a limiting factor for plant growth. In 

addition, when nitrate is leached, pollution can occur if nitrate enters groundwater 

supplies. Therefore, agricultural strategies have been developed to address nitrogen 

deficiencies and include the use oflegume cover crops and living mulches. One such 

option is the use of the perennial peanut, a common tropica1legume and forage crop. The 

perennial peanut is native to South America (Brazil) and was established in Hawaii 

during the early 1990s as an ornamental ground cover and living mulch. However, there 

is a lack of knowledge about the perennial peanut benefits to soil quality as a living 

mulch. In particular, there is a lack of quantification in terms of biomass, N contribution 

and non-N nutrient contributions. In order to assess these benefits, soil sampling is 

needed to make informed nutrient management decisions. Testing for nitrogen 

compounds can be costly and time consuming when samples need to be analyzed at an 
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off site laboratory. The rapid-nitrate methodology employed in commercially available 

test kits offer a viable option to fanners; however, limited work has been conducted for 

the scope of this methodology, particularly in the tropics and in Hawaii. Therefore, the 

use ofa rapid nitrate-N, the Cardy meter, was used to determined field nitrate-N samples 

at two orchard fanns on Oahu. Prior to nitrate-N measurements, a correlation study was 

conducted to evaluate the accuracy and precision of the meters readings due to limited 

studies examining this method. In addition, there are many rapid methodologies that are 

commercially available. However, there have been limited tropical studies as well as 

applications to soil solution and the results have been mixed. The Cardy meter was 

selected due to its success in predicting sap nitrate-N concentrations in past research. 

Field samples and leachate samples were used. Field samples were collected from two 

actively managed orchard fanns with a perennial peanut living mulch. Laboratory 

samples used for analysis were recovered as soil leachate from soil columns 

representative of Hawaiian agricultural soils. The laboratory component was used to 

augment the field study since limited nitrate-N range was observed. Analysis by the 

Cardy meter was compared to a standard colorimetric method used by the ADSC. After 

establishing PP as an effective living mulch system, the effects of propagule type, soil 

type, and inoculation was examined to determine the effect on biomass production and 

nodulation. 

5.2 Major Findings 

This work was conducted on two orchard farms during soil November 2006 to 

May 2007 at Poamoho and Waimanalo, Oahu and at the Sustainable Agriculture 

Laboratory at the University of Hawaii. The major findings of the project were: 
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1) the Cardy meter, a rapid nitrate-nitrogen test, was strongly correlated (~=O.92) 

with a standard laboratory colorimetric method 

2) the regression analysis between these methods was influenced by soil type 

3) more leachate was recovered in the Wahiawa soil series than in the Waialua or 

Lolekaa soil series 

4) average electrical conductivity was positively correlated (~=O.83) with nitrate-N 

concentrations but the correlation between individual samples was weak 

5) this weak correlation indicates that electrical conductivity would not be useful as 

a proxy for field nitrate-N monitoring 

6) soil nitrate-N and organic matter are important in terms of soil health, but were 

not influenced based on treatments or by sample date 

7) the plant nutrients, K. Ca, Mg, Mn, Fe, and Zn were influenced by perennial 

peanut biomass 

8) perennial peanut density affected soil pH with the lowest pH ( under the high 

treatment 

9) perennial peanut biomass affected soil moisture and bulk density 

10) seed perennial peanut had higher nodulation and root biomass than perennial 

peanut cuttings 

11) inoculation of perennial peanut prior to planting did not have an affect on plant 

biomass 

5.3 Management Implications 

Research completed at these locations will provide valuable quantitative information 

about the benefits of perennial peanut as a living mulch in orchard systems. The project 
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originated out of the increasing popularity of using perennial peanut in agricultural 

systems. The study addressed current questions about the benefits of using perennial 

peanut as a living mulch. Perennial peanut as a living mulch system impacted the 

characteristics of the soil. In general, improved soil quality was seen in terms of soil 

moisture, bulk density, soil pH and select nutrients. The influence of perennial peanut on 

soil nitrate-N concentrations is less apparent and could in a fimction of management 

practices, large spatial heterogeneity of experimental units, and plant competition. In 

addition, the observed benefits could be limited by the variability in perennial peanut 

density. Currently, cuttings and stolons of the perennial peanut are planted more often 

due to availability and fear of attracting rodents. However, results from this study show 

that seed perennial peanut has increased growth and nodulation. Therefore, perennial 

peanut seeds should be considered. 

In addition, results of this work have documented one viable option for rapid nitrate 

analysis. The Cardy meter had high precision and accuracy in measuring nitrate-N soil 

solution, especially in the field samples. However, the meter should be calibrated for soil 

type to increase reading accuracy. 

S.4 Implications for Future Research 

Future research on evaluating the ion selective electrode should be done on other soil 

types since this research demonstrated the accuracy and precision of the readings were 

influenced by soil type. Furthermore, there is a potential for real time nitrate-N 

monitoring due to the lack of sample preparation and the mobility of the meter. 

However, factors that influence nitrate-N concentrations should be controlled. For 

example, the temperature of the sample greatly influences the meter readings. 
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Due to large variability that is inherent in on-farm trials, future research should 

examine perennial peanut contributions to soil nitrate-N concentration under more 

controlled conditions. For example, the perennial peanut densities and biomass changes 

could be controlled as well as nutrient management and irrigation. Furtbermore, the 

long-term fluxes in nitrogen pools under a perennial peanut living mulch should be 

monitored. Future research should examine the relationship of nodulation to actual N 

fixation rates as well as nsing different types of inoculant or soil types. Other Arachis 

species could also be used. 

This research has broader applications related to the future of sustainable agriculture 

systems throughout the State and in other tropical regions. Furtber insight into field 

nitrate-nitrogen soil concentrations will increase cost-efficiency and reduce the potential 

of agricultural pollution. Future research should be conducted on the applicability of 

using this methodology in field conditions as well as further monitoring of the long-term 

benefits of using a perennial peanut groundcover. 
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APPENDIX A 

Soil water content and nitrogen composition under different com-legume 

combinations In Manoa Valley 

Becky Mitschele', Ali Fares', Anljad Ahmad2 and Ted Radovich' 

'University of Hawaii-Manoa, Department ofNatmal Resources and Enviromnenta\ Management 

2University of Hawaii-Manoa, Department of Tropical Plants and Soil Sciences 

A.l Abstract 

Mixed-crop systems that incorporate legume and non-legume species have several 

advantages. including the potential for provision of fixed atmospheric nitrogen (N) to the 

non-legume component during the cropping cycle. However. little is known about the 

effect of species composition on soil water quantity and quality in the rhizosphere of 

mixed-crop systems. This study used a time domain reflectometry (TDR) soil water 

content measuring device and suction cup lysimeters to monitor soil water content as well 

as nitrate-N and ammonium-N concentrations of soil water within the root zones of com 

grown alone (Co) or concurrently with soybean (Cs). cowpea (Cc) or bush bean (CB). A 

drip inigation system was used to inigate all treatments uniformly. TDR readings and 

gravimetric soil water content, collected periodically. were well correlated. Soil water 

content was statistically higher in the Co system than in all other treatments. This 

suggests that water consumption by the Co system was lower than that of the mixed 

systems. likely as a result of the higher plant density in the mixed systems. Soil-water 

nitrate-N concentrations under the mixed systems ranged from 0.39 to 10.34 l1g1ml and 

were higher than under Co (0.36 l1g1ml). and generally following the order Cc ~B > Cs. 
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Treatments did not significantly affect soil ammonium-N concentration. It was concluded 

that mixed-cropping strategies that include legumes may be employed to increase the 

concentration of plant available N in the root zone of non-leguminous crops. However, 

the biological relevance (i.e. yield effect) of this phenomenon must still be elucidated and 

must also be weighed against the potential for greater water use by mixed crop systems. 

A.2 Introduction 

Due to the chemical properties of nitrogen and its associated forms, nitrogen in the 

soil is extremely mobile. As a result, many experiments have examined the role of 

nitrogen in the vadose zone and its associated enviromnental impacts. Furthermore, the 

fate and transport of nitrogen has been well documented in the scientific literature 

(French et al. 2006, Bronk and Ward 2005). 

In the past, much attention has been given to the effects of inorganic nitrogen on 

water quality, especially the nitrogen from fertilizer due to its high leaching potential and 

its potentially adverse effects on human health. In addition, soil nitrogen from organic 

sources can be substsntial. For example, the legume crop cowpea (Vigna unguiculata L. 

Walp) can contribute anywhere from 60 to 200 lbs of nitrogen per acre per year (Creamer 

and Baldwin 1999). As a result, legume crops are frequently planted with other crops in 

an attempt to improve nitrogen efficiencies and mitigate potential adverse impacts of 

excess nitrogen from the nitrogen fixing species (Martin et al. 1995, Davis et al. 1991, 

Rose and Adiku 2001). This technique, intercropping, is common in food and feed crop 

production since productivity is typically higher per unit of land when compared to a 

monocrop production. IntexCIopping is commonly practiced in agricultural areas near the 

tropics (Rose and Adiku 2001). 

92 



InteIcropping usually results in higher planting densities, which may result in 

increased competition for water, light, and nutrients (Akanvou et al. 2002). However, 

species may be selected to complement canopy and root architecture and nutrient 

requirements among system components in order to minimize the potential for 

competition (Schmidtke et al. 2004). For this reason, com is frequently inter cropped with 

legumes since these species may also substantially supplement fertilizer inputs through 

biological nitrogen fixation (Martin et al. 1995). While the vast majority of nitrogen 

fixed by legumes is available to subsequent crops after the incorporation and 

mineralization of legume residue, there is some evidence that companion legumes may 

increase the nitrogen available to concurrently growing com (Ahmad et al., 2006; van 

Kessel et al. 1985, Schmidtke et al. 2004, Martin et al. 1995). However, there has been 

relatively little work done to quantify or qualify the influence oflegume species on 

rhizosphere nitrogen in the tropics. 

This study was conducted to determine whether the presence oflegume species 

contributed to nitrogen in the rhizosphere and could account for differences in com plant 

size and chlorophyll content previously observed (Ahmad et al. 2006). The primary 

objective was to evaluate soil moisture content and nitrate concentration within the 

rhizosphere of three com-legume systems relative to com grown alone. 

A.3 Material and Methods 

A.3.1 Experimental Design and EstabUshment 

The experiment was established at the University of Hawaii Mauka Campus 

Experiment Station, at Manoa, Q'ahu in Randomized Complete Block Design (RCBD) 

with four blocks. Seeds were sown on December 21, 2005, in seedling trays before 
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transplanting to the field (no tillage) on January 6,2006. Individual plots measured 2.5m 

x 2.25m spaced 75 cm apart. Plant density was 39,700 and 331,000 plants per hectare for 

com and legumes, respectively, in the mixed systems and 59,000 plants per hectare for 

the com alone treatment (Preston 2003). Each treatment plot consisted of three rows, one 

center row and two buffer rows on each side. All measurements were taken from the 

center row to help minimize environmental stresses such as wind and insect damage. 

Within each treatment, the three crop combinations include: com and cowpea (Cc); com 

and soy bean (Cs); and com and bush bean (Ca). These were compared to the control of 

com only (Co). Furthermore, the entire study area was irrigated daily to maintain a 

steady water supply for the crops. 

A.3.2 Field Measurements 

Soil moisture was measured 3 times a week at a depth of 30 em using time domain 

reflectometry (TOR). The transmission of the pulse in the TOR is a function of the 

velocity of a voltage pulse in a soil medium to record volumetric soil water content 

(Fares et aI., 2004). Soil moisture was measured in the morning, approximately 0.5 hours 

after the first daily irrigation event. Readings were taken at three places along the north 

side of the center row and then averaged to take into account spatial variability and 

heterogeneity of the soil. Initially (2 Feb.) soil moisture was monitored in only the Cc 

andCo plots. Subsequently (28 Feb. - 17 Mar.), soil moisture was measured in all 

treatments. Soil core samples were collected concurrently with volumetric water content 

measures at 20 locations within and immediately adjacent to the experimental site to 

confirm correlation between gravimetric and volumetric water content. 
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To collect soil solution, a single suction cup lysimeter was installed with a hand 

auger in each experimental unit so that the ceramic cup was 15-22.5 em below the surface. 

Soil was sifted through 3.2 mm mesh screens to create a slurry in which to seat the cup 

and for backfilling. The sampler's porous cup was firmly seated to ensure that water 

could easily move from soil pores through the pores in the ceramic cup and into the 

sampler. A suction of 75 centibars was applied. Soil water was sampled at three dates: 

2128, 3/09 and 3/23 and analyzed for nitrate-N and ammonium-N concentration by the 

University of Hawaii's Agricultural Diagnostic Service Center. Rainfall data was 

obtained from a site located rain gauge and supplemented with the USGS on-line weather 

database for the Manoa rain gauge at Kanewai field (State key #711.6). 

A.3.3 StatJsticIll Analysis 

Statistical analysis for the data was conducted using the computer software Statistical 

Analysis System (SAS). A one way analysis of variance (ANOVA) and the Duncan 

mean separation test were used to establish differences among crop combinstions. The 

analyses of variance were conducted by sampling date for both ammonium-N and nitrate

Nresults. 

A.4 Results and Discussion 

A.4.1 Soil Moisture 

Volumetric moisture content was generally lower under the mixed crop systems than 

under Co, and these differences were greatest during periods of low rainfall (figure A.l). 

When rainfall intensity and frequency increased, differences in soil moisture were most 

apparent under the CB treatment (figure A.2). Temporal variability in soil moisture 

content was similar in all treatments and corresponded with rainfall events. For the latter 
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part of the month of March. rainfall was unusua1ly high for the area, and the soil moisture 

readings commonly reached over 100 percent 

Volumetric moisture content was positively related to gravimetric moisture content 

(data not shown). The relatively low'; value (0.58) was attributed to the rocky soil 

structure and outliers from the extreme rainfall events. 

A.4.2 Soil Water Nitrogen Concentrations 

Soil nitrate-N and arnmonium-N concentrations are presented in Table 1. Nitrite was 

assumed to be negligible relative to nitrate (Wortman et al. 2000). The time between the 

first sample collection and the second collection was 8 days. Within this time. the Co 

treatment dramatically increased nitrate concentration from 0.57 to 3.65 uglmJ. This 

corresponded with observations of increase plant growth in both the com and legume 

species. The analysis for 2/28 showed a significant difference in soil nitrate-N between 

Cc and Co. but there was no significant difference among the legume treatments (figure 

A.5). A month later. at the 3/23 sampling, soil nitrate-N was significantly higher under 

all mixed systems than under Co. but there was not a difference among the legume 

treatments. Similar to the previous samplings. the soil arnmonium-N concentrations were 

not significantly higher in the treatments than in the control (table A.I.) The lower 

observed nitrate-Nat the 3/23 sampling date relative to 2128 was attributed to the 

combined effect of slowed plant growth and heavy rainfall in March 

A.4.3ImpUcations 

Research presented in this paper is expected to provide support for intercropping 

designs that maximize nutrient and water use efficiency. This research suggests that 
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early in com growth, legume species composition might influence levels of nitrate in the 

rhizosphere; however. this effect decreases over time. 

In this study. Cc was most effective in contributing nitrate-N to the soil during the 

early stages of development, but as plant growth ceased, concentrations decreased and the 

influence of Cc was not distinguishable among the other legume species. In addition to 

plant growth, the decrease in nitrate-N concentrations during the latter part of the 

experiment can also be attributed to the large amount of precipitation in the area since 

this compound has a high leachate potential (Wortman et aI. 2000). 

The cowpea had many pink-red nodules indicating significant fixation, but legume 

root growth and distribution was not studied. The depth of the root system for each 

legume species would influence the amount of nitrate extracted from the soil (Wortman 

et aI. 2000). The soil matrix during the latter half of the experiment was near saturation 

due to the unusually large amount of rainfall experienced in the valley. Under such 

conditions. soil moisture is not a function of plant water uptake and therefore, the effect 

of each treatment of soil water storage is unknown. 

The likelihood of higher water requirements under the mixed systems, as indicated 

by lower soil water content, should be taken into account in system design. These results 

suggest that greater com growth and higher chlorophyll concentrations previously 

observed in the mixed crop systems relative to Co (Ahmed et aI. 2006) may have been 

due in part to higher rhizosphere nitrate-N concentrations. This information can be 

supplemented with nutrient uptake to quantify the benefits received to the cash crop. For 

example, future research should examine the impact of nutrient release from the legume's 

biomass (Wortman et al. 2000, Rose and Adiku 2001). 

97 



A.S Conclnsion 

Many experiments have examined the role of nitrogen in the vadose zone and its 

associated environmental impacts. For this study, the value of cowpea, bush bean, and 

soybean as organic nitrogen sources were examined. Species composition of the systems 

examined influence soil water and nitrate-N concentration. The nitrogen-fixing 

capability oflegume species can explain in part the higher nitrate-N concentrations in the 

rhizosphere, which may benefit concurrently growing com. This data emphasizes the 

difficulties in gaining a better understanding of nitrogen transfer from intercropped 

legumes species. Additional work should be conducted on a larger scale under multiple 

environments to confirm biological relevance (i.e. yield effect) of the phenomena 

observed in this study. 
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Table A. 1. Results of the nitrate-N concentrations (Ilglml) in the rhizosphere under all 
fi th three I dat treatments or e 'sample es. 

Treatment 2128/2006 3/9/2006 3/23/2006 
CO 0.57 3.65 0.16 
CB 4.18 2.12 0.83 
CC 5.81 2.27 0.70 
CS 1.68 5.53 0.75 

Table A.2. Results of the ammonium-N concentrations (Ilglml ) in the rhizosphere under 
all fi th thr I dat treatments or e eesampJe es. 
Treatment 2/28/2006 3/912006 3/23/2006 
CO 0.57 0.34 0.07 
CB 0.78 0.41 0.07 
CC 0.28 0.32 0.09 
CS 0.21 0.34 0.07 

99 



110~--------------------------------, 

100 
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Figure A.4. Precipitation data (rrun) on site location at University of Hawaii-Manoa's 
north campus and at a USGS rain gauge adjacent to south campus. 
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APPENDIXB 

Agricultural Diagnostic Service Center Method 25 

Nitrate and Nitrite in Water, Nutrient Solutions, and Soil Extracts by Auto Analyses 

Method 

1. Colorimetric determination of nitrite after reduction of nitrate by copperized 

cadmium. 

Concentration range: 0,01 - 1.0 uglml 

Reagents: (volumes of reagents are sufficient for 1 full day of continuous run. Unused 

solution should last one week.) 

1. 5% NH4C1, pH 8.6 

Dissolve 25g NH4CI crystals in water, bring up to 500 mI, and adjust to pH 8.6 with 

concentration. NH40H, add 1 drop 35% Brij. 

2. 1 % Sulphanilamide in 1.2N HCI 

Dissolve 2.5 Sulphanilamide in water, add 25 mI concentration HCl and bring up to 

250 mI with water and 1 drop 35% Brij. 

3. 0.1% N-l naphthylenediamine dihydrochloride 

Dissolve 0.25 gin 250 ml water, add 1 drop 35% Brij. 

4. Cu/Cd column 

Stir purified Cd granules in 2N HCI for a few minutes and wash well with water. 

Add 100 mI of a 2% CuS04 solution and stir for 1 minute. Decant solution and wash 

Cd repeatedly with water until washing are free of precipitated Cu. Transfer to 
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system's CulCd column. Regenerate up to 4 times as needed (when peaks flatten 

out). 

5. N03-N Standard 

Dissolve 0.7218g KN03 in D.L water, bring up to 1000 ml, keep refrigerated. This 

solution contains 100 ug NDJ-N/mI. Prepare fresh standards of 0.25, 0.50, 0.75, and 

1.0 J.lg/m1 NDJ-N for each days run. 

Procedure 

1. Arrange standards and samples in duplicate in following order on sampler. 

0,0.25,0.5,0.75, 1.0,2.0, etc. for sample range 

2. Test solution should be analyzed with and without Cd/CU column in order to 

determine both nitrite and nitrate present. 

3. Turn colorimeter on, keep in "zero" mode. Start Auto Analyzer pump and start 

solution flow in system. Adjust ''F.S.'' on recorder. 

4. When un-segmented stream emerges from flow cell, turn colorimeter to "DAMP 2" 

and establish baseline. 

5. Place sample probe in 0.5 ppm nitrate-N standard for at least 3 min., then replace into 

samples wash receptacle. Adjust "Std. Cal" to bring recorder pen to 50% when peak 

plateaus. 

6. Start samples when baseline re-establishes on recorder. 

7. Flush Cd/Cu column with IN HCI and finally water after analysis is completed. 

Notes 

1. Baseline will probably drift upwards, be sure to measure peak heights above adjusted 

baseline. 
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APPENDIXC 

BIOMASS CHANGES ON POAMOHO FARM 

FROM 12/07/06 (left photos) to 08/17/07 (right photos) 
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15. Low Treatment Replication 2a 

16. Low Treatment Replication 2b 

17. Low Treatment Replication 3a 

18. Low Treatment Replication 3b 
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