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ABSTRACT 

 

OVERSTREET, LAURA FLINT.  Relationships between soil biological and physical 

properties in a long-term vegetable management study.  (Under the direction of Dr. 

Greg D. Hoyt)  

 

Agricultural management decisions that influence biological activity and diversity 

include tillage, fertilizer and pest-control inputs, and crop rotations.  Our research 

objective was to characterize relationships between biological and physical 

properties resulting from long-term agricultural management decisions.  A nine-year 

old factorially-designed field experiment was used to examine the effects of tillage 

(moldboard plow or strip-tillage), input (synthetic fertilizers and pesticides or inputs 

approved for organic certification programs), and crop rotation (continuous staked 

tomatoes or 3-year vegetable rotation) on a suite of biological and physical soil 

parameters.  Biological measurements included microbial, nematode, and 

earthworm community composition, soil respiration and N mineralization potential, 

enzyme activity, and microbial biomass.  Physical property measurements included 

aggregate stability, bulk density, and pore-size distribution.  Biological properties 

generally responded to all treatment combinations, but tillage provided the strongest 

treatment effect in most cases.  Compared to strip-tillage, moldboard tillage 

consistently yielded significantly lower values for the following biological 

measurements: total C and N, above-ground biomass, microbial biomass, enzyme 

activity, soil respiration, N mineralization, some nematode trophic groups, and 
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earthworms.  Compared with organic inputs, synthetic inputs consistently induced 

significantly lower values for the following biological measurements: microbial 

biomass, enzyme activity, some nematode trophic groups, and soil respiration.  An 

examination of relationships between biological and physical parameters using 

redundancy analysis revealed that microporosity was the physical property that was 

most strongly correlated with most biological parameters.  Soil organisms responded 

to treatments in the following order: tillage > input > rotation.     



i 

RELATIONSHIPS BETWEEN SOIL BIOLOGICAL AND PHYSICAL PROPERTIES 
IN A LONG-TERM VEGETABLE MANAGEMENT STUDY 

 
by 

 
LAURA FLINT OVERSTREET 

 
A dissertation submitted to the Graduate Faculty of  

North Carolina State University  
In partial fulfillment of the  

Requirements for the degree of  
 

Doctor of Philosophy 
 

In 
 

SOIL SCIENCE 
 

Raleigh, NC 
 

2005 
 

APPROVED BY: 
 
 
 
 
 
 
 
 
 

Dr. Greg Hoyt                                                                     Dr. Shuijin Hu 
(Chair of Advisory Committee) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Dr. Michael Wagger                                                                   Dr. Wei Shi 



ii 

DEDICATION 
 
 

This dissertation is dedicated to my family - my mom and dad, David and Jacqueline 

Flint, and my sister and brother-in-law, Lucee and Dan Kossler.   

 

I realize now that there are many gifts that God gives His children � talent, 

intelligence, wisdom, creativity � but I�m convinced that my gift is none of those 

things in any special abundance.  My gift is this: I have been loved fully, simply, and 

ferociously by my family every day of my life and I have learned to love the same 

way.  And with my family, I testify that of all gifts, truly, �The greatest of these is 

love.� 

 

To Mom and Dad: Hard and soft; light and dark; push and pull - you provided the 

perfect balance of love and discipline and encouragement to make me grow strong 

and move forward.   

 

To Lucho: Not only have you learned all the steps to that crazy little jig we call life, 

you move to the tempo and rhythm so naturally that you make it look easy.  Thanks 

for the encouragement, the help, and the inspiration. 

 

To Dan: Thanks for being a great brother and for looking after my favorite sister.  

Marrying into this family was probably the smartest crazy thing you�ve ever done! 

 

Thanks, fam!  I love y�all. - LJ



iii 

BIOGRAPHY 

 
 

Laura Flint Overstreet grew up in Granite Falls, North Carolina, a small town in the 

foothills of the Appalachian Mountains.  She is daughter of David and Jacqueline 

Flint and Lucee Flint is her younger sister.  Laura graduated from South Caldwell 

High School in 1993.  She attended North Carolina State University and received her 

B.S. in Botany in December, 1997.  In 2002 she completed a M.S. in Soil Science at 

N.C. State University under the direction of Dr. James Rideout, in which she 

investigated the relationship between boron deficiency and chilling injury in tobacco 

transplants produced in float systems.  Laura currently resides in Raleigh, NC, but 

has recently accepted a position as Assistant Professor of Soil Conservation and 

Management at North Dakota State University in Fargo, ND. 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

ACKNOWLEDGMENTS 

 

I would like to thank my advisor, Dr. Greg Hoyt, for guidance, humor, and 

encouragement, and for demonstrating that it really is possible to be an excellent 

researcher and a happy, unpretentious person with a life outside of the office.  In 

short, thank you for being a most extraordinary �ordinary guy�.   

 

I also thank: 

 

Dr. Michael Wagger, for his expert editing and for challenging me to think about 

things analytically and critically; 

 

Dr. Shuijin Hu, for his encouragement, thoughtful critique, and insisting that I find the 

very best word; 

 

and Dr. Wei Shi, for providing motivation to succeed at everything I undertook while 

working with her. 

 

 

 

 

 



v 

TABLE OF CONTENTS 

  

TITLE           
           

LIST OF TABLES          
 
LIST OF FIGURES 
 
LIST OF SCHEMATICS 
 
CHAPTER 1: Literature review        
 1.1 Soil Biological Community 
 1.2. Effects of Agricultural Management on Soil Biota 
 1.3. References       
 
CHAPTER 2: Comparing microbial and invertebrate community structure 

in agricultural systems implementing conventional and alternative 
practices 

 2.1. Introduction 
 2.2. Materials and Methods       
  2.2.1. Field Preparation and History     
  2.2.2. Soil Sampling and Analyses 
  2.2.3. Data Analyses 
 2.3. Results and Discussion 
  2.3.1. Total Soil Carbon and Nitrogen 
  2.3.2. Soil Phosphorus       
  2.3.3. Cover Crop Biomass 
  2.3.4. Microbial Biomass 
  2.3.5. PLFA Profiles        
  2.3.6. Enzyme Analysis       
  2.3.7. Nematode Community Composition    
  2.3.8. Earthworm Extractions 
 2.4. Summary 
 2.5. Conclusions 
 2.6 References         
 
CHAPTER 3: Interactions between soil biological and physical properties 

in an alternative vegetable management study 
 3.1. Introduction         
 3.2. Materials and Methods 
  3.2.1. Field Preparation and History    

 3.2.2. Soil Sampling and Analyses     
  3.2.3. Data Analyses 
  

 
 
 
 

PAGE 
 

viii 
 
x 
 

xiii 
 
 

1 
7 

10 
 
 
 
 

16 
 

17 
20 
25 

 
26 
27 
28 
28 
30 
36 
39 
42 
45 
48 
51 

 
 
 

81 
 

85 
88 
95 

 



vi 

CHAPTER 3: Interactions between soil biological and physical properties 
in an alternative vegetable management study, cont�d 

 3.3. Results 
3.3.1. Total Carbon and Nitrogen and Extractable 
Phosphorus 
3.3.2. Microbial Biomass C and N 
3.3.3. Phospholipid Fatty Acid and Enzyme Analysis 
3.3.4. Soil Respiration Measurements and Metabolic 
Quotients (qCO2 and Cmic-to-Corg ratio) 
3.3.5. Potentially Mineralizable N 
3.3.6. Nematodes 
3.3.7. Physical Properties 
 3.3.7.a. Bulk Density 

3.3.7.b. Pore Size Distribution and Water-stable 
Aggregates 

3.3.8. Relationships Among Biological and Physical 
Properties 

3.3.8.a. Relationships Among Microbial Community 
Structure (measured from PLFA profiles and enzyme 
activity) 
3.3.8.b. Relationships Among C, N, P, and Biomass 
Measurements and Microbial Activity 
3.3.8.c. Relationships Among Biochemical 
Parameters (C, N, P, and Biomass) and Physical 
Properties 
3.3.8.d. Relationships Among Enzyme Activity 
Measurements and Physical Properties 
3.3.8.e. Relationships Among Nematode Feeding 
Groups and PLFA Profiles and Microbial Activity  

3.3.9. Soil Biological Activity, Pore Space, and Water-stable 
Aggregates 

3.4. Conclusions 
 3.4.1. Soil C, Soil Respiration, and Metabolic Quotients 
 3.4.2. Soil N Mineralization, Total N, MBN 
 3.4.3. Soil Physical Properties 

3.4.4. Relationships Among Biological and Physical Soil 
Properties 
3.4.4.a. Among Microbial Community Structure (PLFA and 
enzyme activity measurements) 
3.4.4.b. Among Nutrients, Microbial Biomass, and Microbial 
Activity Measurements 
3.4.4.c. Among Soil Microbial Biomass and Activity and Soil 
Physical Properties 
3.4.4.d. Among Enzyme Activity Measurements and Physical 
Properties 
 

 
 

 
96 

 
96 
97 
98 

 
100 
101 
102 
103 
103 

 
105 

 
105 

 
 

106 
 

108 
 
 

112 
 

114 
 

117 
 
 

119 
121 
122 

 
 

122 
 

123 
 

124 
 

125 
 
 



vii 

CHAPTER 3: Interactions between soil biological and physical properties 
in an alternative vegetable management study, cont�d 
3.4. Conclusions, cont�d 

3.4.4.e. Among Nematode Feeding Groups and PLFA 
Profiles and Microbial Activity Measurements 

3.5. Future Investigations of Soil Agroecosystem Interactions 
3.6. References 
 

Chapter 4: Effects of Strip-Tillage and Organic Inputs on Soil Physical 
and Microbial Properties Across a Spatial Gradient from In-Row to 
Inter-Row 

 4.1. Introduction 
 4.2. Materials and Methods 
  4.2.1. Field Preparation and History 
  4.2.2. Soil Sampling and Analyses 
  4.2.3. Data Analyses 
 4.3. Results 
  4.3.1. Soil Bulk Density 
  4.3.2. Soil Moisture Content 
  4.3.3. Total Soil C and N Content 
  4.3.4. Soil Respiration 
  4.3.5. Soil N Mineralization 
  4.3.6. Soil Microbial Biomass C and N 

 4.3.7. Relationships Among Locations and Activity 
Measurements 

4.4. Conclusions 
4.5. References 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

125 
 

126 
128 

 
 
 
 

159 
 

162 
165 
167 

 
168 
169 
169 
170 
171 
171 
172 

 
174 
176 

 
 

 
 



viii 

LIST OF TABLES 
 

CHAPTER 2: Comparing microbial and invertebrate community structure 
 
Table 2.1.  Summary of p-value statistics for total carbon (TC), total 

nitrogen (TN), and Mehlich 3 extractable P (P) from spring and fall, 
and above-ground plant biomass from spring.   

 
Table 2.2.  Summary of p-value statistics for microbial biomass carbon 

(MBC) and nitrogen (MBN) from spring and fall. 
 
Table 2.3.  Microbial Biomass Carbon and Nitrogen (MBC and MBN) 

measurements 
 
Table 2.4.  Summary of p-value statistics for enzyme activity 
 
Table 2.5.  Summary of p-value statistics for nematode trophic groups 

from spring.   
 
Table 2.6.  Summary of p-value statistics for nematode trophic groups 

from fall. 
 
Table 2.7.  Nematode Community Composition (individuals/50 cc soil) 
 
Table 2.8.  Trophic group distribution of nematodes.   
 
Table 2.9.  Summary p-values of p-value statistics for earthworms from 

spring and fall.   
 
Chapter 3: Interactions between soil biological and physical properties in 

an alternative vegetable management study 
 
Table 3.1.  Summary of p-value statistics for C mineralization and Cmic:Corg 

ratios from spring and fall.   
 
Table 3.2.  Summary of p-value statistics for N mineralization from spring 

and fall.   
 
Table 3.3.  Summary of p-value statistics for pore-size distribution.   
 
Table 3.4.  Summary of p-value statistics for aggregate stability, presented 

as geometric mean weight diameter (GMWD).   
 
Table 3.5.  Summary of principle components analysis for PLFA and 

enzyme data 
 

 
 

Page 
 

61 
 
 
 

65 
 
 

66 
 
 

70 
 

75 
 
 

76 
 
 

77 
 

78 
 

79 
 
 
 
 
 

136 
 
 

140 
 
 

143 
 

146 
 
 

149 
 
 



ix 

Table 3.6.  Summary of principle components analysis for total C, total N, 
microbial biomass C, microbial biomass N, potentially mineralizable 
C, and potentially mineralizable N 

 
Table 3.7.  Summary of results from the Monte Carlo permutation, ranking 

soil physical properties in order of their importance in explaining 
variance within the biological parameters dataset 

 
Table 3.8.  Summary of redundancy analysis ordination using soil physical 

properties to constrain ordination of biological properties 
 
Table 3.9.  Summary of results from the Monte Carlo permutation, ranking 

soil physical properties in order of their importance in explaining 
variance within the enzyme activity dataset 

 
Table 3.10. Normality of nematode data before and after transformation 
 
Table 3.11.  Summary of principle components analysis for spring 

nematode data (transformed) and phospholipid fatty acid profiles 
 
Chapter 4: Effects of strip-tillage and organic inputs on soil physical and 

microbial properties across a spatial gradient from in-row to inter-
row 

 
Table 4.1. Summary of statistical p-values for main treatment effect and 

interactions.  Analyses based on measurements for bulk density,  
soil moisture content, total C, total N, soil respiration, N 
mineralization, microbial biomass C, and microbial biomass N 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

151 
 
 
 

153 
 
 
 

153 
 
 

155 
 
 
 

156 
 

158 
 
 
 
 
 
 

178 
 
 



x 

LIST OF FIGURES 
 

Chapter 2: Comparing microbial and invertebrate community structure in 
agricultural systems implementing conventional and alternative 
practices 

 
Figure 2.1. Total carbon for spring and fall sampling dates 
 
Figure 2.2. Total nitrogen for spring and fall sampling dates 
 
Figure 2.3. Mehlich-3 extractable phosphorus from spring and fall 

sampling dates 
 
Figure 2.4. Above-ground plant biomass measured in April and May, 2003 
 
Figure 2.5.  Biplot of phospholipid fatty acids and treatments 
 
Figure 2.6.  Biplot of phospholipid fatty acids and treatments 
 
Figure 2.7.  Proportion of variance explained by each individual principle 

component from principle component analysis of phospholipids 
fatty acids 

 
Figure 2.8. Effect of cropping system on β-Glucosaminidase activity 
 
Figure 2.9. Effect of cropping system on β-Glucosidase activity 
 
Figure 2.10. Effect of cropping system on acid phosphatase activity 
 
Figure 2.11. Effect of cropping system on alkaline phosphatase activity 
 
Fig. 2.12.  Earthworm counts (per 0.25 m2) for spring and fall sampling 

dates 
 
Chapter 3: Interactions between soil biological and physical properties in 

an alternative vegetable management study 
 
Figure 3.1. Soil C mineralization in spring and fall, net CO2

- evolution over 
28 days 

 
Figure 3.2.  The ratio of C respired (Cresp) to microbial biomass C (Cmic), 

also called qCO2 

 
Figure 3.3.  The ratio of C in microbial biomass (Cmic)  to total organic C 

(Corg) from the spring and fall sampling dates 
 

 
Figure  

Page 
 
 
 

62 
 

62 
 

63 
 
 

64 
 

67 
 

68 
 

69 
 
 
 

71 
 

72 
 

73 
 

74 
 

80 
 
 
 
 
 

137 
 
 

138 
 
 

139 
 
 



xi 

Figure 3.4. Soil N mineralization in spring and fall, net inorganic N 
accumulation over 28 days 

 
Figure 3.5. Bulk density of treatment soils 
 
Figure 3.6. Pore size distributions of soils from different agricultural 

management systems 
 
Figure 3.7.  Percent water stable aggregates in six size classes 
 
Figure 3.8. Geometric mean weight diameter (GMWD) of soils 
 
Figure 3.9. Biplot produced from principle components analysis of 

phospholipid fatty acid, enzyme activities (four enzymes; β-
Glucosaminidase, β-Glucosidase, and acid and alkaline 
phosphatase) and treatments (n=8, 7 for treatment 1) 

 
Figure 3.10. Biplot produced from principle components analysis of total C 

(TC), total N (TN), Mehlich-3 extractable P (P), microbial biomass 
C, microbial biomass N, potentially mineralizable C, and potentially 
mineralizable N and treatments (n=8) 

 
Figure 3.11. Triplot produced from redundancy analysis of biological 

parameters: microbial biomass C , microbial biomass N, soil 
respiration, and potentially mineralizable N 

 
Figure 3.12. Triplot produced from redundancy analysis of enzyme activity 

measurements 
 
Figure 3.13. Biplot produced from principle components analysis of 

nematode measurements from the spring 2004 and phospholipid 
fatty acids, from the spring 2003 

 
Chapter 4: Effects of strip-tillage and organic inputs on soil physical and 

microbial properties across a spatial gradient from in-row to inter-
row 

 
Figure 4.1. Bulk density from three different locations in the strip-till 

treatment 
 
Figure 4.2. Gravimetric soil moisture content of soils from different field 

locations (x-axis) with two input regimes (organic and synthetic) 
 
Figure 4.3.  Percent total soil C from three different locations in a strip-till 

field 
 

141 
 
 

142 
 

144 
 
 

145 
 

147 
 

148 
 
 
 
 

150 
 
 
 
 

152 
 
 
 

154 
 
 

157 
 
 
 
 
 
 
 

179 
 
 

180 
 
 

181 
 
 



xii 

Figure 4.4. Percent total soil N from three different locations in the strip-till 
field 

 
Figure 4.5. Soil C mineralization in three different field locations, net CO2-

evolution over 24 days 
 
Figure 4.6. Cumulative net mineralizable N from extracted with K2SO4 over 

a 28-day incubation from three different field locations 
 
Figure 4.7. Microbial Biomass C (MBC) from three different locations in 

the strip-till field 
 
Figure 4.8.  Microbial biomass N (MBN) from three different locations in 

the strip-till field 
 
Figure 4.9. Biplot of data produced from principle components analysis of 

all biological parameters and bulk density measurements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

182 
 
 

183 
 
 

184 
 
 

185 
 
 

186 
 
 

187 
 
 
 

 
 
 
 
 
 
 

 



xiii 

LIST OF SCHEMATICS 
 

Chapter 2:   Comparing microbial and invertebrate community structure in 
agricultural systems implementing conventional and alternative 
practices 

 
Schematic 2.1.  Rotation schedule and cover crops for vegetable 

production system 
 
Chapter 3: Interactions between soil biological and physical properties in 

an alternative vegetable management study 
 
Schematic 3.1.  Conceptual diagram of measurements for microbial 

characterization of soils 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Page 
 
 
 
 
 

60 
 
 
 
 
 

135 
 
 



1 

CHAPTER 1 
 

LITERATURE REVIEW 
 

1.1. SOIL BIOLOGICAL COMMUNITY: 

 

The biological composition of soils is described in terms of biological diversity, 

the food web, and the richness, abundance, and distribution of species.  The soil 

biological community includes all organisms that live in the soil for at least part of 

their life cycle and includes species of bacteria, fungi, protozoa, algae, nematodes, 

arthropods, and worms.  Biodiversity of soils is commonly thought of in the context of 

ecosystems services, or functional roles provided by different subsets of the soil 

biological community.  A selection of the ecosystem services provided by the soil 

biota includes decomposition of organic matter, and, conversely C retention, nutrient 

cycling, bioturbation, and suppression of soil-borne diseases and pests (Brussaard 

et al., 1997).  Biological composition is highly variable in soils and dependent upon a 

number of factors including soil type, moisture content, aeration, organic matter, 

nutrient availability, temperature, and soil structure.     

Ecology is defined as the study of relationships of organisms with each other 

and their physical environment (adapted from Smiles, 1988).  There is no question 

that organisms are strongly influenced by and also react to their physical habitat.  

Soil organisms, however, are frequently overlooked despite their critical roles in the 

functioning of an ecosystem due to their small size, hidden behavior, and uncertainty 

regarding their contribution to soil processes.  Organisms� responses to changes in 
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their physical and chemical environment are only well enough understood to make 

broad generalizations.   

Soil structure can be evaluated in different ways, but perhaps the most 

meaningful measurement of structure is an evaluation of the size, configuration, and 

distribution of soil pores (Danielson and Sutherland, 1986).  Soil structure responds 

to and concurrently exerts a strong influence on the organisms that reside in the soil.   

The distribution of different pore-size classes and the size of pore openings (i.e. 

�pore necks�) is often more important for characterizing the soil as a biological 

habitat than is an evaluation of the soil particles.  Precise quantification of soil 

porosity characteristics such as neck-size and tortuousity is essentially impossible at 

the present time, due to the complicated nature and opaque fabric of the soil matrix 

(Danielson and Sutherland, 1986).  It is possible, however, to determine pore space 

with relatively high precision, and by making certain assumptions, the pore-size 

distribution can be made with at least useful accuracy for both laboratory and field 

purposes (Danielson and Sutherland, 1986). 

Many environmental factors (e.g., climate, soil texture, soil parent material, 

plant community, management, or season) are critical in determining the 

composition of soil microbial communities (Bossio et al., 1998).  Plants are certainly 

an important determinant of the soil food web structure.  For a given soil, the types 

and diversity of vegetation are significant determinants of biota diversity and 

distribution.  Plants and their fungal symbionts, cyanobacteria, and algae, serve as 

the primary producers for all terrestrial ecosystems, and as such control the amounts 

of C that enter the soil system (Loreau et al., 2001; Wardle, 2002).  The variety and 
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complexity of C inputs is influenced by the individual plant species and the 

assemblage of plant species present in an area (Giller et al., 1997).  Since plants 

respond to their environment with different physiological growth responses, including 

production of root exudates, growth hormones, and characteristic C:N ratios, the 

chemical, physical, and biological components of the environment influence the C 

inputs released to the soil by plants.  One may consider the chemical quality of the 

plant community to be the fiber of which the soil food web is constructed.   The 

primary decomposers of plant litter and the plant pathogen and herbivore species 

are the foundation upon which the soil food web is spun. 

Although plants and other autotrophs are the primary drivers of the soil food 

web, the heterotrophic organisms which feed directly on the primary producers 

ultimately dictate the availability of nutrients required for plant growth as well as for 

the remaining soil microflora and fauna (Sparling, 1985; Jenkinson, 1988).   Thus, 

the plant and decomposer communities are in an obligately mutualistic relationship 

in which each of the two components relies on the other for their long-term 

sustenance (Wardle, 2002).  The ecology of decomposers is an especially poorly 

understood area of soil ecology (Neher, 1999) and research results are frequently 

contradictory among studies.   

When considering the primary decomposers of soil organic matter, it is 

beneficial to remember that microorganisms are responsible for about 90% of the C 

mineralization resulting from the decomposition of organic compounds (Swift and 

Anderson, 1993).  Other organisms which are also considered primary or secondary 

decomposers include mites, millipedes, earthworms and termites, and these 
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organisms play an integral role in shredding organic residues and dispersing 

microbial populations, thereby allowing microorganisms to function more efficiently 

(Brussaard et al., 1997).  The activities of the decomposer species are responsible 

for most of the biochemical transformations of organic matter, resulting in nutrient 

mineralization and organic matter humification (Brussaard and Juma, 1996).   

Soil microbial biomass is also considered to be a part of the labile soil organic 

matter, and as such, is an important component of nutrient cycling (Smith, 1979; 

Paul, 1984).  Steenwerth et al. (2002) found in their study of the soil microbial 

community composition of nine land use types that differences in the community 

structure of microorganisms were most highly correlated with soil microbial biomass 

and  pH and soil management factors such as fertilizer, herbicide, and irrigation.  

Bossio et al. (1998) measured phospholipid fatty acid profiles in soils from organic, 

low-input, and conventional farming systems and ranked the environmental variables 

governing the composition of microbial communities in their study in the following 

order: soil type>time>specific farming operation (e.g., cover crop incorporation or 

side dressing with mineral fertilizer)>management system>spatial variation in the 

field.  

Nematode biodiversity is resistant to reduction of species richness resulting 

from environmental stressors such as low moisture, chemical biocides, tillage 

practices, and cropping rotations (Niles and Freckman, 1998; Freckman and 

Virginia, 1991).  Nematode community structure, however, is a sensitive indicator of 

environmental stressors in terrestrial ecosystems when evaluated at the higher-order 

(less specific) resolution of nematode feeding groups (Elliott, 1994; Moore and de 
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Ruiter, 1993; Parmalee et al., 1993; Platt et al., 1984; Wardle et al., 1995; Yeates et 

al., 1991).   

Nematodes are a major component of the soil food web in their role as 

grazers of bacteria and fungi, and thus influence the rate of organic matter 

decomposition and nutrient turnover.  An additional physiological characteristic of 

nematodes is their metabolic efficiency.  Wasilewska et al. (1981) found that 

bacterial-feeding and fungal-feeding nematodes defecated 80% of the material they 

consumed in a study of decomposition in a Polish rye field (Secale cerale L.). 

Depending on environmental conditions, nematodes can directly and indirectly 

influence organic matter decomposition rates and have been found to strongly 

enhance the rate of C and nutrient mineralization in some studies (De Ruiter and 

Moore, 1993; Hunt et al. 1987).   Rationale for the use of nematodes in 

bioassessment efforts is described by Niles and Freckman (1998) as follows: i) 

environmental chemical stressors are integrated at the organ level in nematodes 

rather than the cellular level as in bacteria and protozoa; ii) short generation times 

allow nematodes to respond quickly to many environmental stressors; iii) nematodes 

are able to survive in polluted soils; iv) because nematodes are limited in their 

motility to only a few centimeters in soil, they allow the investigation of relatively 

small spatial areas for environmental growth conditions; v) nematodes influence the 

productivity and decomposition functions of soil; vi) nematode feeding groups 

(higher resolutions of biodiversity) inhabit virtually all soils on earth and inflict 

changes in the soil habitat; and vii) methods for nematode sampling, extraction, and 

identification are generally straightforward and easy to perform. 
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Another influential subset of the soil biota is that which alters the physical 

properties of soils.  These organisms are commonly referred to as the soil 

bioturbators or bioengineers.  Earthworms, ants, and termites are the most 

commonly cited examples of this functional group.  Earthworms make the broadest 

contributions to soil physical property change, especially in agricultural soils.  The 

effects of earthworms on soil structure, formation of heterogenous pores, and 

increased aggregate stability are hallmarks of soil-biota interactions over long 

periods of time (Coleman and Crossley, 2003).  Both decomposers and bioturbators 

indirectly influence plant growth (Brussaard, 1997). 

Earthworms are widely known to perform many beneficial functions in 

agricultural systems including shredding residues, enhancing microbial degradation, 

improving soil fertility, and improving soil physical properties such as water 

infiltration and aggregate stability.  Agricultural management practices strongly 

impact earthworm populations.  The most significantly negative effect on earthworm 

populations related to agricultural practices is tillage.  As the frequency and intensity 

of tillage operations increase, so does the physical destruction of earthworm 

burrows, cocoons, and the earthworm bodies themselves (USDA, 2001).  Tillage 

also indirectly affects earthworm abundance by regulating the rate of decomposition 

and the availability of surface residues.  Availability of organic matter is the most 

important factor related to the soil environment which influences earthworm 

abundance because organic matter serves as a food source, insulates earthworms 

from adverse weather, provides shelter from birds and other surface predators, and 

protects earthworm burrows (USDA, 2001).    Studies investigating the effect of 
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different fertilizer sources show that nearly all fertilizers benefit earthworms.  

Addition of organic sources of nutrients (e.g. manure addition, compost, organic 

fertilizers) can double or triple earthworm numbers in a single year (Edwards and 

Bohlen, 1996).  The use of inorganic fertilizers has also been found to have a 

generally positive effect on earthworm numbers, which has been attributed to the 

indirect effect of increased crop biomass and resulting increases in organic residues 

(Edwards and Bohlen, 1996; Edwards et al., 1995).  In regard to pesticides, most 

herbicides used today have been found to be harmless to earthworms (USDA, 

2001).  Insecticides, however, have varying degrees of toxicity for earthworms, 

depending on the class of chemical used.  Insecticides containing carbamates and 

certain organophosphates are highly toxic to earthworms, as are broad-spectrum 

fumigants such as fungicides and nematicides (Ernst, 1995; Edwards and Bohlen, 

1996). 

 

1.2. EFFECTS OF AGRICULTURAL MANAGEMENT ON SOIL BIOTA: 

 

Agriculture is one of the most obvious examples of how natural soil 

ecosystems have been drastically altered by humans.  The very idea of selectively 

planting and managing the growth of certain plants for human consumption, and, 

later, for forage and fiber production, was a hypothesis that was tested by humans in 

the early ages of our existence and found to be inordinately useful � eventually 

leading to the agrarian societies our lives today are founded upon.  But hundreds of 

years of artificial manipulation of agricultural soils have dramatically changed the 
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biological and functional capacity of these soils.  Giller et al. (1997) expounded on 

this, pointing out that as agricultural intensification occurs, the biological regulation of 

soil functions is progressively replaced by regulation through chemical and 

mechanical means.  Therefore, agricultural settings are one of the most logical 

places to examine the manner in which soil-dwelling organisms respond to 

calculated changes in their physical and chemical soil habitat. 

Soil management factors related to agricultural practices have a wide range 

of effects on the composition of soil organisms.  These practices have both positive 

and negative consequences with regard to total numbers and diversity of soil 

organisms.  Organisms are affected by agricultural practices both directly and 

indirectly (Stubbs et al., 2004).  Direct effects include bodily damage, habitat 

destruction, poisoning due to toxic doses of pesticides from target and non-target 

effects of agricultural chemicals, increased availability of nutrients from fertilizer 

applications, moisture differences due to evapotranspiration, drainage, and irrigation, 

and pH differences due to soil amendments.  Indirect effects are probably more 

significant and extensive than direct effects to soil organisms and include soil C 

reduction due to tillage practices, reduction in complexity and diversity of C inputs 

due to the reduced diversity of vegetation in the agricultural field, compaction, 

disturbance of trophic interactions resulting from selective pressure exerted on 

microbes, and residual toxicity and break-down products of biocide applications 

(Coleman et al., 1993; Pi�l, 1993;  Steenwerth et al., 2002; ).   

Agricultural management practices such as tillage, residue incorporation, 

irrigation, and rotation sequence can affect soil microbial biomass (Anderson and 
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Gray, 1990; Sparling et al., 1994; Franzluebbers et al., 1995) as well as soil 

microbial community composition (Bossio et al., 1998; Lundquist et al., 1999; 

Calderón et al., 2000).  Agricultural practices are recognized to have a strong effect 

on the functional activity of soil microorganisms (Doran et al., 1987; Coleman et al., 

1993).  The exact nature of the impacts of agricultural practices such as 

conventional tillage, monocropping, and chemical fertilizers and pesticides (including 

fumigation) on the soil microbial community is not well understood and results 

obtained are often variable in different environments (Capri et al., 1993; Wardle et 

al., 1999).  This reflects the increased complexity of soil ecosystems as compared to 

air and water systems, for which relatively much more is understood in terms of 

environmental toxicology (Edwards, 2002).  Since soils are one of the two main 

ultimate sinks for chemical pollutants (the other being water), there is a recognized 

need to increase our understanding of the effects of conventional agricultural 

practices on soil microbial communities, as well as how those effects are augmented 

in subsequent biological trophic interactions, soil fertility, and soil physical properties.   
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Chapter 2:   Comparing microbial and invertebrate community 
structure in agricultural systems implementing conventional and 

alternative practices 
 

2.1. INTRODUCTION 

 

This study investigates three key functional biological groups 

(microorganisms, nematodes, and earthworms), in a field-scale research experiment 

originally designed to examine long-term crop yields and pest interactions resulting 

from three different agricultural management decisions.  We selected representative 

organisms of the microflora, microfauna, and macrofauna classification systems 

based on relative importance for trophic interactions, nutrient cycling processes, and 

ability to induce soil physical property change.  Body size is commonly used as a 

functional classification system because it is directly related to metabolic rate, 

generation time, population density, and food size (Mikola et al., 2002).  We 

construct the composition of the microbial community using taxonomic and 

functional enumeration techniques.  We characterize the nematode and earthworm 

communities as key representatives of the soil micro- and macrofauna communities 

that are responsible for significant roles in nutrient cycling and soil physical 

properties, respectively.  Finally, we attempt to establish the linkages between the 

relative combined presence of these members of the soil community and agricultural 

practices common to conventional and alternative agricultural systems.  
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2.2. MATERIALS AND METHODS 

 

2.2.1. Field Preparation and History 

 

This study was established in the fall of 1994 and was initially designed to 

examine the agronomic effects of alternative management, specifically investigating 

treatment effects on crop yield and pest and disease pressure.  The study had been 

in place for nine years when this soil biology experiment was initiated.  Based on 

measurable and visible differences in soil physical properties, week community 

structure changes, and crop yield among treatments, it is believed by the authors 

that sufficient time has elapsed to allow the biological community to reach a steady 

state level within each treatment.  The field site is located at the Mountain 

Horticultural Crops Research Station in Fletcher, N.C.  The soil type of the field is a 

Delanco fine-sandy loam (fine-loamy, mixed, mesic, Aquic Hapludult) with 2-7% 

slopes.  The land is gently sloped, moderately well-drained and formed on old 

alluvial deposits.  The site is situated on an old stream terrace subject to infrequent 

flooding.   

A randomized complete split-plot design was employed where production 

treatments (conventional moldboard plow vs. conservation tillage and conventional 

chemical fertilizer and pesticide inputs vs. organic inputs) were the whole plot 

treatments and vegetable rotation vs. continuous tomatoes (Solanum lycopersicum)  

were the split-plot treatment.  The three-year vegetable rotation split-plot treatment 

(see Schematic 2.1) consisted of sweet corn (Zea Mays)/fall cabbage (Brassica 
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oleracea), cucumber (Cucumis sativus )/fall cabbage, and tomatoes for years 1-6 

(two full 3-year rotations) and peppers (Capsicum annum); yellow squash (Cucurbita 

spp.)/ fall broccoli (Brassica oleracea); and staked tomatoes for years six through 

nine, respectively.  The continuous tomato treatment was planted in staked fresh 

market tomatoes every year (same variety as year three in rotation treatment).  All 

production treatments were trickle irrigated.  There were 16 main plots consisting of 

four treatments and four replicates.  Each plot measured 12.2 by 24.4 m (0.03 

hectares).  There was an area of at least 12.2 m separation between plots to 

minimize fertilizer and pesticide drift and pest and pathogen migration between plots.   

The cover crop planted in all treatments was a combination of wheat and 

crimson clover (Trifolium incarnatum).  History of previous cover crops is given in 

Schematic 2.1.  Biomass was measured in the fall using quarter meter square 

frames to cut all biomass in the given area, which was then dried and weighed.  In 

the conventionally tilled (�plowed�) treatment, the cover was plowed under one 

month before planting and then disked twice.  After final disking in late May, rows 

were bedded and plastic applied.  In the conservation tillage treatments, the cover 

crop was flail-chopped in the organic treatments and killed with glyphosate in the 

synthetic treatments.  The conservation tillage treatments (both organic and 

synthetic) were then strip-tilled with a Bush Hog RoTill (producing 30 to 45 cm wide 

strips) and transplants were planted by hand.  Seeded crops were planted with a 

John Deere MaxEmerge no-till planter.  Crops were seeded or transplanted during 

the second or third week in May.  
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The Bush Hog RoTill implement has a less aggressive ripper and operates at 

lower horsepower compared to conventional moldboard plowing.  This system uses 

a subsoil shank which rips directly under the row.  By lifting the soil up and dropping 

it, it loosens compaction without inverting the soil or disrupting structure to the same 

extent as moldboard plowing.   It is also less disruptive to soil structure than other 

implements commonly used for strip tillage, generically referred to as roto-tillers.   

Fertilizers were applied on the same date for all treatments.  In the synthetic 

fertilizer and pesticide treatment (�Synthetic�), N was applied as NH4NO3 (168 kg 

N/ha).  Nitrogen was applied as a band in both the strip-till row (conservation tillage 

treatment) and on the soil surface in the area where the plastic was to be applied 

(plowed treatments).  Soil test recommended phosphorus and potassium was 

surface broadcast over the entire plot each fall when the winter cover crop was 

planted.  In the synthetic treatments, P was applied as triple super phosphate (0-46-

0) and K was applied as KCl (0-0-6).   Black plastic was applied after fertilization 

(plowed/chemical and plowed/organic treatments) and fumigated with methyl 

bromide (plowed/chemical treatment only).  After one week, the plastic was 

punctured where plants were going to be inserted and gases were allowed to 

escape. Disease and insect control in the synthetic treatments was applied as 

needed, with materials recommended from the NC Ag Chemical Manual. 

In the organic treatments (both plowed and conservation tillage) N, P, and K 

fertilizers were applied as follows: soybean (Glycine max)  meal at 168 kg N/ha 

(assuming 100% availability during the growing season) was surface applied in the 

row before planting in the strip-till and banded in-row before black plastic was 
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applied in the plowed treatments.  Rock phosphate (0-30-0 assuming 3% solubility) 

and SoPoMag (0-0-22) were surface broadcast at winter cover crop planting as 

recommended by soil test reports.  Disease and insects were controlled with 

materials approved for organic production and weeds were controlled by mowing 

and hoeing.  Although the plowed/organic treatment was not fumigated, it was 

bedded and covered with black plastic at the same time as the plowed/chemical 

treatment.   

Strip-till/organic treatment plots were mowed continuously throughout the 

summer to reduce weed competition around the borders and between rows.  This 

should be considered as an additional labile source of nutrients for plants and soil 

organisms that other treatments did not receive. 

 

2.2.2. Soil Sampling and Analyses 

 

Soil samples were taken for microbial biomass in the spring and fall of 2003, 

phospholipid fatty acid analysis in the spring of 2003, and earthworm and nematode 

populations in the spring and fall of 2004.  Samples for the enzyme assay were 

taken in the spring of 2005.  Samples for microbial biomass, phospholipids analysis, 

nematode analysis, and an enzyme assay were taken from respective treatments 

using a 6-cm diameter push probe.  All soils were sampled to a 15-cm depth from 

within the crop row.  Samples were taken by compositing cores taken from four 

locations (one core per location) along the length of two rows (alternatively on either 

side of the row) within each subplot.  Samples were gently sieved through a 6 mm 
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screen.  Soil samples collected for microbial biomass and the enzyme assay 

analyses were maintained at 4û C and all related analyses were initiated within two 

weeks of the sampling date.  Samples reserved for phospholipid analysis were 

frozen at -14û C and freeze-dried prior to analysis.  Samples used for nematode 

analysis were maintained at room temperature until nematodes were extracted.  

Extractions occurred within a week of the sampling date.   

Total soil C and N was analyzed by whole soil combustion using the Perkin-

Elmer PE 2400 CHN Elemental Analyzer.  Plant-extractable soil P was determined 

using a Mehlich-3 solution extraction of soil samples (Mehlich, 1984).  Mehlich-3 

extractant is 0.2N CH3COOH + 0.25N NH4NO3 + 0.015N NH4F + 0.013N HNO3 + 

0.001M EDTA.  A 1:10 soil:extractant ratio (volume basis) was used to extract plant-

available soil P by shaking soil/extractant solution for five minutes at 200 revs/minute 

at room temperature followed by filtration through no. 42 or similar grade filter paper.  

Filtrate is analyzed for P by ICP. 

Microbial community structure was examined using microbial biomass C 

(MBC), microbial biomass N (MBN), phospholipid fatty acid (PLFA) analysis, and an 

enzyme assay.  The microbial biomass analyses (MBC and MBN) provide a means 

to examine total biomass values and to compare them among treatments.  Samples 

were taken in spring (19 May) and fall (13 October) of 2003.  Microbial biomass 

analyses were conducted by the chloroform fumigation and extraction technique (Hu 

et al., 1997; Vance et al., 1987) employing a KcC-factor [microbial C-extraction 

efficiency] of 0.33 after Sparling and West (1988).  The MBN procedure was 

conducted using the alkaline persulfate oxidation digestion method of Cabrera and 
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Beare (1993) with a KcN-factor [microbial N-extraction efficiency] of 0.54 as per 

Brookes et al. (1985).  Microbial biomass C to N ratio was also calculated and used 

as an indicator of microbial composition (Hu et al., 2001).  All values were calculated 

by subtracting a non-fumigated control value from the fumigated measurements. 

Phospholipid fatty acid (PLFA) analysis allows evaluation and estimation of 

major microbial taxonomic groups present in each sample, such as gram positive 

and negative bacteria, actinomycetes, and fungi.  Ibekwe et al. (2001) determined 

that PLFA analysis has a high degree of sensitivity in monitoring the effects of 

fumigants on soil community composition and structure.   PLFA also allows 

estimation of taxonomic microbial community diversity.  Soil samples were taken for 

fatty acid analysis in May of 2003 prior to planting of the spring crops and the PLFA 

procedure was conducted according to an adapted method from Bossio et al., 1998. 

The enzyme assay was conducted using four enzymes, selected for 

discrimination of C, N, and P cycling in agricultural management systems: β-

glucosaminidase, β-glucosidase, acid phosphatase and alkaline phosphatase.  Soil 

samples for the enzyme assay were collected in May 2005 prior to planting of spring 

crops.  Samples were air-dried in a forced-air oven at 28û C over night, and gently 

sieved to pass through a 2-mm sieve.  Samples were stored in a cold room at 4û C 

until analyzed.  Analyses were completed within three weeks of being collected from 

the field.  β-glucosaminidase was analyzed according to the method of Parham and 

Deng (2000).  β-glucosidase was determined using the method of Eivazi and 

Tabatabai (1988).  Acid and alkaline phosphatases were determined individually 

according to the methods of Tabatabai and Bremner (1969) and Eivazi and 
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Tabatabai (1977).  All enzyme analyses were based on measurement of color 

intensity after enzymatic activity catalyzed the hydrolysis of the substrate from ρ-

nitrophenol.  The ρ-nitrophenol color reagent was measured spectrophotometrically 

(Shimadzu UV2101PC, UV-Vis scanning spectrophotometer) in the soil filtrate and 

calculated from a calibration curve prepared as per Tabatabai, 1994. 

  In addition to looking at the established treatments, soil samples were also 

collected from the plow/synthetic treatment before and after soil fumigation to 

examine the effect of fumigation on enzyme activity.  Samples taken prior to 

fumigation were held two weeks longer than other samples before analyzing, since 

the soil was fumigated approximately two weeks prior to the time that field samples 

were collected for enzyme analysis.  This time difference may affect results obtained 

from the non-fumigated samples, even though samples were maintained at 4û C in 

the two-week interim period in an effort to reduce biological activity. 

Invertebrate community structure was performed by identifying and analyzing 

representative communities of nematodes and earthworms.  Nematode community 

structure was conducted by extracting nematodes using the method of soil elutriation 

followed by sugar flotation (Barker, 1985).  In this procedure a semiautomatic (?) 

elutriator was used for extracting nematodes and soil fragments from soil.  Following 

this, colloids were removed from samples with a flocculating agent, leaving 

nematodes suspended in a (0.7 to 1.0 M) sucrose solution.  Nematode counts were 

estimated as per Imbriani (1985) and differential counts were referenced by trophic 

groups (Freckman and Baldwin, 1990; Yeates et al., 1993).  Trophic groups are a 

�high-order resolution of nematode biodiversity� (Niles and Freckman, 1998) and 
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include the following five functional groups defined by the species feeding habits: 

bacterial-feeders, fungal-feeders, omnivores, predators, and plant-feeders (both 

underground herbivores and plant-parasites). 

Earthworm estimation was performed using the mustard method of Gunn 

(1992) as further modified by Högger (1993).  A mustard suspension of 0.33% 

mustard powder was found to successfully extract earthworms.  Plastic rings 0.0625 

m2 in diameter and approximately 20 cm high were placed at a soil depth of 

approximately 5 cm and were used in eight locations within each plot (four locations 

per subplot), for a total area of 0.25 m2 per subplot replicated four times per 

treatment.  Each extraction procedure was repeated two to three times, i.e. 1250 mL 

of mustard solution was added to each ring two or three times to obtain as many 

earthworms as possible and each pouring was timed so that there was 

approximately five minutes between repetitions or until all solution had entered the 

soil.  The number of repetitions was based on the number of earthworms previously 

extracted.  If no earthworms were extracted after the second pouring of mustard 

solution, we determined that no further repetitions were necessary, but if earthworms 

were extracted from the first and/or second repetitions, we poured the solution into 

the rings a third time.  Earthworms were collected in about 15 mL of water and 

stored in a cold room at approximately 4° C for later identification and measurement 

of weight and length in the lab. 

 

 

 



25 

2.2.3. Data Analyses 

 

Analysis of variance was conducted to examine relationships between 

individual biological measurements and respective treatments using SAS software 

(SAS systems, release 8.02, SAS Institute, Inc. Cary, NC).  Phospholipid fatty acid 

measurements were analyzed by principal components analysis (PCA) and 

redundancy analysis (RDA) on a mole percent basis using CANOCO software 

version 4.5 (Microcomputer Power, Inc., Ithaca, NY) and SAS software.  Data was 

standardized by dividing fatty acid values by the standard deviation and centering 

the values.  Principal components were thus based on the correlation matrix since 

the standard deviations of some of our individual fatty acids were large compared to 

the means.  Sample data was not standardized or centered.  The results of our data 

were determined with the Sherlock MIS system using the �eukary� method as a 

quick, inexpensive, and reproducible method for describing soil microbial community 

structure (Ibekwe and Kennedy, 1999). Data is presented as 2D plots for greater 

understanding of relationships.  Analysis of variance was further conducted on the 

first and second principal components using SAS PRINCOMP to determine the 

relationships among measured variables. 
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2.3. RESULTS AND DISCUSSION       

   

2.3.1. Total Soil Carbon and Nitrogen 

 

In this study, soil C and N concentration for spring and fall sampling dates 

were lower in plots that had been plowed annually and amended/treated with 

chemical fertilizers and pesticides compared to those plots that had been strip-tilled 

and amended/treated with organic fertilizers and pest control.  Neither rotation nor 

any of the rotation interaction terms were significant, so the split-plot treatment was 

averaged over main plot treatment values and the results are shown in figures 2.1 

and 2.2.  Analysis of variance revealed that soil C and N were both significantly 

affected by tillage for spring and fall sampling dates (P < 0.05) (Table 2.1, Figures 

2.1 and 2.2).  Input was also a significant treatment effect for total C in the fall 

sample and for total N in the spring sample.   

Tillage strongly reduces soil C content compared to pasture or other 

undisturbed soil environments by accelerating CO2 emission (Beare et al., 1994; 

Tate, R.L., 2000; Schimel et al., 1985; Elliott, 1986; Burke et al., 1989; Woods, 1989; 

Conant et al., 2001).  Al-Kaisi and Yin (2005) report that CO2 emission is enhanced 

under conventional tillage by increasing soil aeration, increasing soil-crop residue 

contact, enhancing plant nutrient availability (Logan et al., 1991; Angers et al., 

1993), and increasing exposure of soil organic C in inter- and intra-aggregate zones 

to allow rapid microbial oxidation (Reicosky and Lindstorm, 1993; Beare et al., 

1994).   Elliott (1986) suggests that the large loss of soil organic matter due to long-
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term cultivation results from the disruption of roots and fungal hyphae as well as the 

organic C associated with the fine clay fraction.  Losses in organic N are also related 

to tillage as a result of reduction in soil structure and increased soil erosion (Chaney 

and Swift, 1984).  Several studies have concluded that organic C and N are more 

important for the stabilization of soil structure than soil P (Chaney and Swift, 1984; 

Tisdall and Oades, 1982).   

 

2.3.2. Soil Phosphorus 

 

Extractable soil P levels were greater in strip-tilled plots than in plowed plots 

(Figure 2.3), but tillage effect was significant only during the fall sampling date 

(Table 2.1).  The higher levels of P observed in the strip-tilled treatments were 

probably a result of the greater levels of organic P resulting from the higher organic 

C content observed under strip-tillage, since these two factors are highly correlated 

in most soils (Havlin et al., 1999).  Soil pH values were measured in water and found 

to be between 5.5 and 7.0, which should not cause P to precipitate as Al, Fe, Ca, or 

Mg phosphates in any of the treatment plots.  There was a trend for spring and fall 

sampling dates in which treatments receiving organic inputs displayed greater 

extractable soil P values in the vegetable rotation treatments compared to the 

continuous stake tomato treatments, and conversely, all synthetic-input treatments 

displayed greater extractable P values in the continuous stake tomato treatments 

compared to the rotation.  This produced a significant input by rotation interaction, 
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even though the rotation treatment itself was not significant (Table 2.1).  The trend 

was more evident in the strip-tilled treatments compared to the plowed treatments.   

 

2.3.3. Cover Crop Biomass 

 

Cover crop biomass was quantified in 2003.  In plowed treatments, the 

biomass was measured in late April before the cover crop was plowed under; in 

strip-till plots, biomass was not measured until mid-May when covers were killed 

(synthetic) or flail-chopped (organic).  Plant biomass was significantly greater in the 

strip-till treatments than the plowed treatments, as expected (Table 2.1).  Plant 

biomass was also greater in the rotated treatments compared to the continuous 

stake tomatoes (Table 2.1).  Significant interaction effects were also present for the 

rotation-tillage and rotation-input (Table 2.1).  The rotation effect and interactions 

may be explained by the additional fertilizer that is added to the rotation plots in 

years when a fall crop is planted, thus providing improved fertility to the cover in the 

same plots.      

 

2.3.4. Microbial Biomass 

 

Spring samples were taken prior to fumigation of the plow/synthetic treatment 

and before the strips were established in the strip-till/organic and strip-till/synthetic 

treatments.  The plowed treatments (plow/organic and plow/synthetic) had been 

plowed once for the initial bed preparation approximately two weeks before the 
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spring samples were taken.  Because microbial biomass C and N were unaffected 

by rotation (Table 2.3), this variable was averaged over whole plot treatments (tillage 

and inputs).   

Comparing treatment effects (Table 2.2) indicates that the tillage and input 

treatments were significant factors in MBC and MBN for both spring and fall 

sampling dates.  Microbial biomass C results (Table 2.3) indicate that the strip-

till/organic treatment had greater biomass C than any other treatment at both the 

spring and fall sampling dates.  In the spring, the plow/organic treatment had the 

second greatest MBC.  By the fall sampling date, MBC in the plow/organic treatment 

decreased 29% from the spring value, while the strip-till/organic treatment increased 

14% and the strip-till/synthetic treatment remained nearly the same.  The 

plow/synthetic treatment was lower than any other treatment for MBC at both 

sampling dates and also displayed a reduction in average MBC of 51% from spring 

to fall dates.  In the spring, the MBC in the plow/synthetic treatment was less than 

40% of the value of the MBC in the strip-till/organic treatment, and in the fall, the 

value was only 17% of the strip-till/organic treatment. 

These results indicate that tillage and input significantly influence total 

microbial biomass production.  Bossio et al. (1998) found that organic systems with 

high organic matter inputs sustained increases in microbial biomass.  The results 

produced in this study concur with those of Bossio et al. (1998) in that the treatments 

receiving strip-tillage and organic amendments (greater organic matter inputs 

relative to other treatments) demonstrated greater microbial biomass values.  

Considering results of similar studies, it is not unreasonable to believe that microbial 
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biomass was increased in the strip-till and reduced in the plowed treatments over the 

course of the crop season as a result of the greater availability of high-quality C 

inputs from the cover crop and weed residues remaining on the soil surface in the 

strip-tilled and organic treatments (Wardle et. al., 1999; Emmerling et al., 2001).   

In this study, the tillage activities for the plow treatments are implemented 

with an initial moldboard plow tilling event in the first or second week of April.  The 

final plowing and diskings of the plots occurs in the second or third week of May.  

The strip-till treatments are also tilled in the row during the second or third week of 

May; all fertilizers are also applied at this time, immediately prior to transplanting or 

seeding crops.  The spring samples for biological activity and biomass were taken 

during the second week of May, just before the final tillage activities and fertilizer 

application.  Therefore the spring sampling date measures microbial biomass and 

activity before the spring tillage and fertilizer applications, and thus tests effects from 

the previous season�s management applications.  The fall sampling occurred in the 

second week of October, and tests the season-long effects of the agricultural 

management applications from the current year. 

 

2.3.5. PLFA profiles 

 

A total of twenty-eight fatty acids were extracted and identified using fatty 

acids standards and MIDI peak identification software (MIDI, Inc., Newark, DE).  Ten 

fatty acids were consistently found in all samples, which is a low value relative to 

other studies which routinely extract 20 to 30 fatty acids in a soil sample.  Perhaps 
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this is the result of the experimental area being used in a long-term agricultural 

function, and therefore having a lower microbial diversity than soils from pastures or 

grasslands.  This may also be a result of the extraction procedure or peak analysis 

procedure used.  When our samples were tested using a different peak identification 

program, we determined that there was 75-80% agreement between protocols, with 

the test program giving us on average about five more peaks per samples than our 

original analysis, but with much higher variance among repetitions.  In order to 

maintain a high level of sensitivity we opted to maintain our original peak 

identification program.   

The ten fatty acids consistently found in all samples were: a15:0, 16:0, i16:0, 

16:1ω5c, 18:0, 18:1ω7c, 18:1ω9c, 10Me16:0, 10Me18:0, and 19:0 cy ω8c.  These 

ten fatty acids comprised an average of 71% of the total fatty acid mole percents for 

each sample, with the smallest average value being 56% of the total fatty acids.  

These fatty acids have been identified as follows: a15:0 and i16:0 are found primarily 

in gram-positive bacteria (Ratledge and Wilkinson, 1988; Paul and Clark, 1996); 

18:1ω7c has been isolated from gram-negative bacteria and aerobic eubacteria 

(Paul and Clark, 1996); cyclopropane fatty acids (e.g., 19:0 cy ω8c) are commonly 

found in bacteria, but not in actinomycetes (Lechevalier and Lechevalier, 1988); 

16:1ω5c is predominantly found in fungi, especially arbuscular mycorrhizal fungi 

(Paul and Clark, 1996);  18:1ω9c has been isolated from fungi and gram-positive 

bacteria as well as from higher plants (Zelles, 1997; Paul and Clark, 1996); and 

10Me16:0 and 10Me18:0 are identified as being present in actinomycetes.  The fatty 

acid 16:0 has been found to be present in almost all microorganisms and cannot be 
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considered specific to any particular taxa of soil organisms.  The fatty acid 16:0 has 

also been found to correlate well with total microbial biomass C (Ratledge and 

Wilkinson, 1988).  The fatty acid 18:0 is not currently identified with specific 

microorganisms. 

For PLFA profiles, the mole percent of individual fatty acids was used to 

analyze data.  The first principal component (PC1) accounted for 46.6% of the total 

sample variance in the multivariate fatty acid response (Figure 2.5).  Principal 

component two (PC2) was found to account for an additional 22.7% and principal 

component three (PC3) encompassed an additional 13% of the variance, to give a 

combined variance of 82.2% within the fatty acid dataset for the first three principal 

components (Figures 2.5 and 2.6).  Figure 2.5 (PC1 and PC2) shows that the 

individual treatment replications (circles identified by numbers on the biplot) tend to 

occur together on the plot.  Figure 2.6 (PC2 and PC3) gives a greater separation of 

treatment values into clusters.  This tendency for treatment replications to cluster 

indicates that there is less within-treatment variance than between-treatment 

variance; thus, field variability represented in replications in this study did not have a 

strong effect on differences in the observed fatty acid profiles (Bossio et al., 1998).  

Also apparent from the biplots is the tendency of intermediately intensive treatments 

2 and 3 (plow/organic and strip-till/synthetic inputs, respectively) to occur together, 

indicating greater similarity between these treatments relative to the more intensive 

management treatments (treatment numbers 1 and 4).  Treatments 1 and 4 are 

oriented opposite each other along principal component 2 and principal component 3 

with the intermediate treatments (2 and 3) found between them.   Bossio et al. 
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(1998) had similar results consistent with differences in organic C inputs between 

organic and conventional farming systems, having significantly different (p<0.05) 

PLFA profiles on six out of seven sampling dates taken throughout the growing 

season.  

The first principal component in this analysis does not clearly differentiate 

among the treatments, as indicated by the occurrence of most treatments about the 

x=0 hash mark on the PC1 axis.  This is confirmed by analysis of variance from the 

factorial effects model, where the treatment sum of squares was 62.5% of the total 

sum of squares for PC1.  Thus it appears that treatment effects explain much more 

variation along the second principal component, although the second principal 

component explains less of the total variance in the fatty acid data set.  In the biplot 

shown in Figure 2.5, treatment 1 is oriented in the positive direction of PC2 while 

treatment 4 is oriented in the negative direction of PC2 and the intermediate 

treatments (numbers 2 and 3) are found in between.  The analysis of variance 

corroborates the significance of the treatment effects along the second principal 

component.  The R-square value for this analysis is 0.8986.  Principal component 

three accounts for 13% of the total variance in the principal components analysis of 

the fatty acid data and regression of PC3 on treatment effects reveals an R-square 

value of 0.8362.   

Since the first principal component accounted for 46.6% of the variance within 

the fatty acid data, and the linear model of treatment effects and their interactions 

accounts for 62.5% of the variance found in PC1, then 29.1% (0.625 * 46.6) of the 

total variation in the data set is explained by the treatment effects revealed in PC1.  
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Likewise, since PC2 accounts for 22.7% of the total variation among fatty acids in 

this study, and because 90% of the variance is due to treatment effects, 20.43% 

(0.90 * 22.7) of the total variance among fatty acids is accounted for by the treatment 

effects revealed in PC2.  Analogously, PC3, which accounts for 13% of the total 

variation in the fatty acid dataset, had an R-square value of 0.8362 when regressed 

on treatment effects.  Therefore, PC3 accounts for 10.86% of the total variance 

among fatty acids.  The total variance among PLFA profiles accounted for by the 

treatment effects revealed by the first, second, and third principal components is 

60.39%.  Since we only analyzed the first through third principal components, we 

can conclude that at least 60% of the variation found in microbial fatty acid 

composition in this agricultural soil results from the agricultural management 

techniques implemented in this study.   

Principal component one did not differentiate fatty acids or samples to an 

appreciable degree.  When ANOVA was performed on the first principal component 

using a complete 2X2X2 factorial model with tillage, inputs, and replication as 

sources of variation, the model was not significant (P = 0.7790) nor were any of the 

treatment effects.  For PC2, tillage and input effects, as well as the interaction term, 

were significant (p-value = 0.0003, 0.0016, and 0.0207, respectively).  The ANOVA 

for PC2 revealed that the regression model of treatment effects significantly explains 

fatty acid composition (P=0.0253).  The ANOVA on the third principal component 

was not significant for treatment effects (p=0.1268) for the model and had an R-

square value of 0.8362.  The input treatment and the input by tillage interaction were 

significant effects in the model (p-values of 0.0165 and 0.0117, respectively) for 
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PC3.  In Figure 2.6, showing the biplot of principal components two and three, PC3 

appears to separate the most intensively managed treatment (number 1, 

tillage/synthetic inputs) from the other treatments.  Principal components two and 

three reveal that the fungal biomarker, 16:1ω5c, is closely associated with the least 

intensively managed treatment (number 4, strip-till/organic inputs).  The 

actinomycetes and bacterial biomarkers, 10Me18:0 and 19:0cy, respectively, are 

most closely associated with the intermediate treatments (numbers 2 and 3, 

plow/organic inputs and strip-till/synthetic inputs, respectively).  The biomarkers 16:0 

and 18:0, which are not clearly affiliated with particular microbial taxa, are most 

closely associated with the most intensively managed treatment, number 4 

(plow/synthetic inputs).   

As shown in figure 2.7, the first, second, and third principal components, 

which account for over 82% of the total sample variance in the correlation matrix of 

phospholipid fatty acid values, gives the most information and further principal 

component axes give relatively little additional information.  This is why only the first, 

second, and third principal components were examined in this analysis. 

Some researchers have proposed that the proportion of different fatty acids 

extracted from within different treatments gives an indication of the relative diversity 

of microorganisms occupying the respective treatments (Wander et al., 1995; Korner 

and Laczko, 1992).  However, this is arguable, since individual fatty acids in a PLFA 

profile do not represent specific or individual species.  This is because an individual 

microbial species can have numerous fatty acids and because the same fatty acids 

occur in many different organisms (Lechevalier, 1977).  Further, Murata et al. (2002) 
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found in a study quantifying diversity of bacterial fatty acid methyl ester (FAME) 

profiles from whole soil and from culture media that diversity in FAME profiles was 

proportional to the amount of bacterial fatty acid extracted.  Given our low fatty acid 

recovery, we concluded that it would not be appropriate to determine the diversity of 

treatments using our PLFA results.  Instead we calculated a simple average of 

different types of fatty acids based on the whole plot replicates (n=8).  The results 

are as follows: strip-till/organic 16; strip-till/synthetic 15.75; plow/organic 14; and 

plow/synthetic 10.7.  In general, there were more fatty acids extracted from the 

rotation treatment compared to the continuous stake tomatoes treatment.  The one 

exception was the strip-till/synthetic treatment, where an average of 15.25 fatty acids 

found from the rotation treatment, and an average of 16.25 fatty acids found from the 

continuous treatment.  The differences between average numbers of fatty acids 

extracted from the rotation versus continuous treatments were smaller for the strip-

tilled treatments compared to the tilled treatments. The greatest discrepancy 

between the rotation treatments was found in the most intensively managed 

treatment, where tillage and synthetic inputs were implemented.  There were on 

average an additional 2.67 different fatty acids extracted from the rotation treatment 

compared to the continuous treatment in the plow/synthetic treatment. 

 

2.3.6. Enzyme Analysis 

 

Fumigation did not affect the activity of β-glucosaminidase (p-value = 0.9312), 

so this treatment was combined with the non-fumigated samples in the analysis of 
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variance (Table 2.4). Tillage and input treatments were both strongly significant in 

determining β-glucosaminidase activity (p-values of <0.001 for both).  There was 

also a significant rotation-by-tillage interaction, but it  was not consistent.  As seen in 

Figure 2.8, the strip/organic treatment had the greatest β-glucosaminidase activity 

compared to other treatments in the respective rotation treatment level (rotation or 

continuous).  For the �rotation� level of the rotation management treatment, β-

glucosaminidase activity was expressed from greatest to least as follows: strip/org > 

plow/organic > strip-till/synthetic > plow/synthetic fumigated > plow/synthetic non-

fumigated.  For the �continuous� level of the rotation management treatment, β-

glucosaminidase was expressed from greatest to least as follows: strip-till/organic > 

strip-till/synthetic > plow/organic > plow-synthetic non-fumigated > plow-synthetic 

fumigated.   

Unlike β-glucosaminidase, β-glucosidase was sensitive to fumigation, 

producing significantly greater (p-value = 0.0362) levels of activity in the non-

fumigated compared to the fumigated treatments (Table 2.4 and Figure 2.9).  Similar 

to results from β-glucosaminidase, tillage, input, and the rotation-by-tillage 

interaction were all significant treatment effects for β-glucosidase activity (Table 2.4).  

The pattern for β-glucosidase activity was the same for the �rotation� and �continuous� 

levels of the rotation treatment: strip-till/organic > strip-till/synthetic > plow/organic > 

plow/synthetic non-fumigated > plow/synthetic fumigated (Figure 2.9).   

Acid phosphatase activity, like β-glucosidase, was affected by fumigation, 

being greater in the non-fumigated soil (Table 2.4).  Analysis of variance of other 

treatment effects revealed that tillage and input were strong determinants of acid 
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phosphatase activity; the rotation-by-tillage interaction was significant as well.  

Figure 2.10 demonstrates the enzyme activity trends observed for acid phosphatase.  

The rotation treatment revealed the following pattern of activity from greatest to 

least: strip-till/organic > plow/organic > strip-till/synthetic > plow/synthetic non-

fumigated > plow/synthetic fumigated.  The continuous treatment displayed activity 

from greatest to least as follows: strip-till/organic > strip-till/synthetic > plow/organic > 

plow/synthetic non-fumigated > plow/synthetic fumigated. 

Alkaline phosphatase was not significantly affected by soil fumigation (Table 

2.4).  Like the other enzymes measured in this study, alkaline phosphatase was 

sensitive to tillage and input, but unlike all other treatments, there was no rotation-

by-tillage interaction.  The strip-till/organic treatment was more than two times 

greater than the next highest treatment, plow/organic.  Alkaline phosphatase 

responded very strongly to the input treatment, revealing activity measurements 

more than two times greater for the strip-till/organic treatment relative to the next 

highest treatment, plow/organic. 

Results from enzyme activity measurements differed in responses of 

individual enzymes to fumigation (Table 2.4).  In a study measuring functional 

microbial diversity via in situ catabolic potential, Degens (1998) similarly found that 

soil fumigation resulted in select substrates showing decreased functional diversity.  

In their study, they found that fumigated soils exhibited reduced ability to catabolize 

amino acids and carbohydrates, but were more capable of catabolizing organic acids 

compared to fumigated soils. 
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2.3.7. Nematode community composition 

 

Nematode samples were taken in the spring and fall of 2004 and results are 

given in Tables 2.5 and 2.6.  The rotation treatment did not provide any statistically 

significant differences in nematode trophic groups (Table 2.5 and 2.6).  However, 

there were significant interactions between rotation and tillage for omnivorous and 

predaceous nematodes from the spring sampling date (Table 2.5).  For this reason, 

results are reported with rotation treatments as well as with whole plot effects. 

Nematode results indicate that bacterial-feeding nematodes make up 62 to 

93% of the total nematode community (Table 2.8).  Tillage was a significant factor in 

the fall sampling for bacterial-feeding nematodes, but was not significant in the 

spring.  Input, however, was highly significant for this trophic level at both sampling 

dates.  Those treatments receiving organic inputs displayed greater counts but a 

lower proportion of bacterial-feeding nematodes when compared to synthetic 

treatments within the same tillage treatment and sampling date.  The lower total 

number of nematodes in the plow/synthetic treatment is probably indicative of the 

high degree of mortality that resulted from the fumigation application.  Toxic 

agricultural chemicals, such as fumigants and insecticides, affect nematode 

biodiversity through direct toxicity and also as a result of increased incidence of plant 

and microbe population reduction.  Because nematodes inhabit interstitial water 

films surrounding soil particles, chemical contaminants dissolved in water films enter 

the nematode�s body directly through the cuticle.  This is thought to be the most 

significant route for exposing nematodes to toxic chemicals (Howell, 1983).  
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A number of studies have shown that contaminants and other environmental 

stressors can induce a shift in nematode trophic structure, causing the bacterial-

feeding species to dominate, especially species in the families Rhabditidae and 

Cephalobidae (Huhta et al., 1986; Weiss and Larink, 1991; Wasilewska, 1995; 

Yeates et al., 1991).  In this study we did not observe a large difference in bacterial-

feeding nematode composition among treatments (Table 2.8).  Some researchers 

suggest that an examination of the relative abundances of bacterial-feeding and 

fungal-feeding nematodes can provide information regarding the microbial pathway 

by which decomposition is proceeding in an ecosystem (Beare et al., 1992; Ingham 

et al., 1985; Sohlenius et al., 1988; Hendrix et al., 1986).  Reviewing data obtained 

in this study, we conclude that the bacterial pathway is the primary means of 

microbial decomposition in this biological system for all treatments.  This conclusion 

supports the hypothesis that conventionally-tilled agroecosystems typically display 

bacterially-based food webs, but it fails to support the converse hypothesis, which 

states that conservation tillage induces a fungal-based food web (Hendrix et al., 

1986; Holland and Coleman, 1987; Beare et al., 1992 ). 

Fungal-feeding nematode populations were relatively much smaller than 

bacterial-feeders, ranging from 0% to 5% of the total nematode measurements.  

Because phospholipid fatty acids corresponding to fungi made up a maximum of 

17% of the total fatty acid profile in these soils, it is not surprising to find that the 

fungal-feeding nematodes are a small proportion of the total nematode community.  

Omnivorous nematodes ranged from 2% to 19% of the total nematode community.  

As was the case for bacterial-feeding nematodes, input had a statistically significant 
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treatment effect on omnivorous nematodes during both the spring and fall sampling 

dates.  There was a significant rotation-by-tillage interaction in the spring and a 

significant tillage-by-input interaction in the fall for omnivorous nematodes.  

Predacious nematodes comprised just 0 to 3% of the total nematodes counted.  

There was a significant tillage effect and rotation-by-tillage interaction effect for 

predaceous nematodes in the spring, but no treatment effects or interactions were 

observed in the fall.  Plant-parasitic nematodes measurements were quite different 

between spring and fall measurements, being much greater in the fall.  In the spring, 

all samples exhibited populations of plant parasitic nematodes less than 2.5% of the 

total nematode measurements; whereas in the fall, measurements had increased to 

a range of 16-28% of the total nematode community.  These results could be due to 

the absence of a suitable crop plant to serve as a host to the nematodes in the 

earlier sampling, which can serve to reduce plant-parasitic nematode populations.  

The spring date did not reveal any statistically significant treatment effects, but 

tillage was determined to significantly reduce counts in the fall.   

Examining the data for treatment effects indicates that the strip-

till/organic/rotation treatment had the greatest number of bacterial-feeding 

nematodes in the spring and fall sampling dates, as well as the greatest numbers of 

fungal-feeders and omnivores in the spring.  The plow/synthetic/continuous 

treatment had the lowest number of total nematodes in the spring, accounting for 

7.9% of the total nematode population.  The plow/synthetic/rotation treatment had 

the lowest number of total nematodes in the fall, comprising 1.2% of the total 

nematode collection.  The total number of nematodes extracted from a 50 cm3 
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sample was 12% lower in the fall compared to the spring value.  The fumigation 

application appears to have selectively reduced the number of bacterial-feeding 

nematodes, reflecting the magnitude of the reduction in the bacterial community 

itself as a result of fumigation.  Because the total nematode community was 

dominated by the bacterial-feeding trophic group, treatment results are strongly 

correlated with the fate of bacterial-feeding nematodes. 

 

2.3.8. Earthworm extractions 

 

Earthworms were extracted in spring and fall of 2004.  Spring samples were 

taken after tillage events and fumigation had been applied to the corresponding 

treatments.  The fall sampling date occurred approximately three weeks after a 

hurricane-associated flooding event saturated about one-third of field plots.  The 

experimental plots remained saturated for approximately one week and were 

allowed to drain for two weeks prior to sampling.  Statistical tests indicate that there 

was no significant difference between flooded blocks and non-flooded blocks.  

 Table 2.9 demonstrates that tillage was the most statistically significant factor 

for both spring and fall sampling times.  Other significant treatment effects and 

interactions in the spring were input, tillage-by-input, tillage-by-rotation, input-by-

rotation, and tillage-by-input-by-rotation.  In the fall, input-by-rotation and tillage-by-

input-by-rotation were significant interaction effects.  Figure 2.12 portrays the 

relationships determined by analysis of variance for treatment effects on earthworm 

populations.  It is evident that plowing consistently and dramatically reduced the 
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number of earthworms.  This data further supports the conclusions of Edwards and 

Bohlen (1996), Edwards et al. (1995), Edwards and Lofty (1977) and Coleman and 

Crossley (2003) who previously concluded that tillage significantly reduces the 

populations of earthworms.   

The compounded effects of tillage, inputs, and rotation as agricultural 

management decisions have not been previously examined.  In this study earthworm 

response to input and rotation was greater in spring compared to fall.  This probably 

results from the more favorable season-long environmental conditions the worms 

were subjected to between the time of the spring sampling to the fall sampling 

compared to the relatively harsher conditions the earthworms experienced prior to 

the spring sampling.  The more favorable conditions of moisture, temperature, and 

organic inputs prior to the fall sampling induced greater earthworm reproduction and 

maturation, giving greater numbers of worms for all treatments, thus masking the 

earlier effects seen when populations were lower in the spring sampling date. 

There were significant treatment effects and interactions resulting from tillage, 

input, and rotation differences, particularly in the spring (Table 2.9).  The input effect 

was strongly significant in the spring, which contrasts to results obtained from other 

studies.  In the strip-till/organic treatment, the rotation treatment yielded higher 

numbers of earthworms compared to continuous tomato treatment in the spring 

(P=0.0509 for rotation treatment in the spring), but there was no rotation effect in the 

fall.  The same pattern was observed in the strip-till/synthetic treatment for rotation 

and continuous split-plot values, although the total earthworm counts in the strip-

till/synthetic were only 20 to 50% of the values obtained from the corresponding 
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strip-till/organic treatment.  This reflects the importance of the input treatment on 

earthworm populations in this study.  Since samples were taken during a year when 

the rotation treatment was in tomatoes, so that both the rotation and continuous 

treatments were planted in tomatoes, we must conclude that the rotation interaction 

was either a coincidence or a residual effect of rotation from previous years.  We 

cannot determine which possibility is more likely with the data collected, but we 

suggest that rotation effects merit consideration when analyzing results of 

management factors on earthworm populations. 

Past research studies have concluded that the use of most fertilizers and 

synthetic pesticides do not significantly reduce earthworm populations (Edwards and 

Bohlen, 1996; Edwards et al., 1995; Hendrix et al., 1992).  Our study consistently 

found greater earthworm populations in those plots treated with organic inputs 

compared to those which received synthetic fertilizers and pesticides (tillage effects 

notwithstanding).  Even the strip-till/synthetic treatment, which did not receive 

fumigation, consistently yielded fewer earthworms than the strip-till/organic treatment 

at both sampling dates.   

All earthworms were individually identified after extractions as the non-native 

Lumbricus terrestris, the common night crawler species.  No native earthworm 

species were identified in these plots.  The L. terrestris species are stronger 

competitors for food resources and are better suited to high disturbance ecosystems 

(e.g. agricultural systems) than are earthworm species native to North Carolina.  The 

most common native earthworms in North Carolina, Eisinea fetida, commonly called 

red wigglers, are characterized as having smaller and less muscular bodies, making 
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them better-suited for living at the soil surface since they aren�t strong enough to 

move vertically into the denser soil found at greater soil depths.  These earthworms 

are not tolerant of high degrees of physical disturbance, particularly that caused by 

tillage, since they are unable to retreat to greater soil depths to avoid injury as night 

crawlers are able to do.  It is thus expected that few, if any, native earthworm 

species would be found in agricultural systems where tillage is commonly used.  

Earthworm extractions were conducted from the in-row positions of all strip-tilled 

plots, so it is possible that there were native earthworm species present in the 

between-row field locations and we failed to identify them as a result of the 

placement of our extractions.  Other possible explanations for the lack of native 

earthworms identified in this study is that they were not as responsive to the mustard 

treatment as the non-native worms, or that they were misidentified as immature night 

crawlers, as red wigglers look very similar to young L. terrestris species. 

 

2.4. SUMMARY   

 

Total percent C and N followed the same pattern: the greatest values were 

found in the strip-till/organic treatment followed by strip-till/synthetic, plow/organic, 

and plow/synthetic treatments.  Tillage and input significantly affected both total soil 

C and total N.  The only statistical difference for extractable soil P among treatments 

was seen for tillage in the fall sampling.  Rotation did not significantly affect C, N, or 

P content in this study, although the P interaction for input and rotation was 

significant for both sampling dates. 
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Both tillage and input were highly significant factors in the ANOVA for 

microbial biomass C data, being greater in the alternative treatments.  Based on 

these results, we conclude that conservation tillage and organic inputs significantly 

increased total microbial biomass in this study.  Further, it appears that tillage plays 

the greatest role in influencing microbial biomass measurements.  This is due to the 

many ways that conservation tillage affects organic matter availability, soil moisture, 

temperature, and physical properties to make the soil a more hospitable 

environment for soil microorganisms over the course of the growing season.   

We determined that the agricultural management techniques tested in this 

study accounted for at least 60% of the variation found in microbial fatty acid 

composition.   Principal components two and three revealed that the fungal 

biomarker, 16:1ω5c, is closely associated with the least intensively managed 

treatment, strip-till/organic.  Additionally, the actinomycetes and bacterial 

biomarkers, 10Me18:0 and 19:0cy, respectively, were closely associated with the 

intermediate management treatments (plow/organic and strip-till/synthetic) and the 

biomarkers 16:0 and 18:0, which are not clearly affiliated with particular microbial 

taxa, are closely associated with the most intensively managed treatment, 

plow/synthetic.   

An analysis of four soil enzymes revealed that the strip-till/organic treatment 

demonstrated the greatest relative activity in this study.  The plow/synthetic 

treatment demonstrated the lowest activity for all enzymes tested.  Analysis of 

variance determined that tillage and input were statistically significant factors 

(p<0.05) for all enzymes tested, as was the rotation-by-tillage interaction for all 
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enzyme other than alkaline phosphatase.  The effect of soil fumigation was also 

tested by taking samples from before and after fumigation was applied to the 

treatment plots in the plow/synthetic treatment (the only treatment which receives 

fumigation).  Results showed that fumigation was a significant factor for β-

glucosidase and acid phosphatase activity but not for β-glucosaminidase or alkaline 

phosphatase activity.   

Bacterial-feeding nematodes strongly dominated the total nematode 

population, accounting for 62-93% of the total nematode count.  Input asserted a 

significant treatment effect for both the spring and fall sampling dates for the 

bacterial-feeding trophic group.  The high degree of mortality resulting from the 

fumigation application in the synthetic input treatment (plowed treatment only) is the 

most probable explanation for the input effect.  Tillage was a significant treatment 

effect for bacterial-feeding nematodesin the fall, but not spring. 

Fungal-feeding nematode populations were much lower than bacterial-

feeders even in the strip-till treatments, ranging from 0 to 5% of the total nematode 

count.  Fatty acid profiles of soil microorganisms corroborate the results of 

measurements of bacterial- and fungal-feeding nematode trophic groups.  Fatty 

acids associated with bacteria (including actinomycetes) accounted for 34.6 to 

37.9% of all fatty acids measured.  Conversely, fatty acids associated with fungi 

were only 2.5 to 8% of the total fatty acids measured.  This data reflects a generally 

similar trend between bacterial and fungal fatty acid ratios and bacterial-feeding and 

fungal-feeding nematode counts. 
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It has been well established that tillage presents the greatest threat to 

earthworms of all the traditional activities associated agricultural endeavors.  Our 

studies confirmed this, revealing that earthworms were either entirely absent or non-

extractable from plowed treatments in the spring and were only meagerly populated 

in the fall.  Treatment effects and interactions were almost all statistically significant 

in the spring, but by fall only the tillage effect and the input-by-rotation and three way 

(tillage-by-input-by-rotation) interactions were still significant. 

The input effect in the spring sampling was very strong (p-value = 0.0002), 

which conflicts with results obtained from other studies (Edwards and Bohlen, 1996; 

Edwards et al., 1995; Hendrix et al., 1992).  Since the effect did not prove to be 

significant in the fall, we hypothesize that the effect may be a seasonal response 

resulting from low earthworm activity early in the season and possibly the result of 

low populations due to earthworm mortality resulting from fumigation and tillage 

activities in the synthetic treatments.  All earthworms extracted were identified as the 

same species, Lumbricus terrestris, the common night crawler.  This species is not 

native to North Carolina, but has invaded this landscape from Europe. 

 

2.5. CONCLUSIONS 

 

Rotation had a minimal or inconsistent effect on the total microbial, nematode, 

and earthworm populations.  Although both tillage and input treatments were 

significant in this study, tillage management decisions had a more consistent and 

greater overall impact on soil biological properties than the choice between 
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conventional chemical or organic fertilizers and pesticides.  The effect of leaving 

organic matter residue on the surface, as in strip-till or no-till systems, has a broad 

spectrum of repercussions which serve to benefit the soil biological community.  

The most detrimental effects of tillage from a soil biology perspective revolve 

around the fate of organic matter.   The result of tillage is that organic C is lost from 

the soil environment and moved into the atmosphere to increase the concentration 

of CO2.  The loss of organic matter from soil has a host of repercussions for the soil 

biological community.  The reduction of a labile C source for soil microorganisms 

results in a potential reduction or loss of soil function depending on the subset of 

microorganisms adversely effected and the loss of a substantial component of the 

rest of the food chain, with a host of bottom-up ecological consequences.  Water 

retention is also affected by litter removal from the soil surface, as is temperature 

stability.  Finally, there is also the tillage-induced problem of nutrient immobilization 

and flushes in nutrient mineralization which do not coincide with the time that plants 

require those nutrients for growth.   

We also recognize the importance of synthetic fertilizer and pest control 

chemicals on the soil biota.  Although not as significant as tillage decisions in most 

cases, the use of conventional synthetic fertilizers and pesticides was found to yield 

noticeable lower biological activity and microbial biomass values relative to 

treatments employing organic inputs exclusively.  Fumigation, in particular, was 

found to strongly and adversely affect soil biota.  Rotation, while significant 

independently in a few measurements, did not affect the soil biological community to 

the same degree as tillage or input decisions.  However, we feel that there is 
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evidence that the rotation treatment enhanced the magnitude of the effect of the 

main plot treatments, tillage and input, such that a treatment combination with a 

relatively negative effect on a biological measurement was seen to be more strongly 

negative in the continuous treatment relative to the rotation treatment.   
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CHAPTER 2 FIGURES AND TABLES 
 

 
 
Schematic 2.1.  Rotation schedule and cover crops for vegetable production system 
 
Summary of rotation schedule and cover crops used in long-term vegetable crop management study.  Fresh market staked tomatoes 
(Solanum lycopersicum) were planted year after year in the continuous subplot level and every third year in the rotation subplot level.  In years 
one and four, sweet corn (Zea Mays) was planted in the spring and cabbage (Brassica oleracea) was planted in the fall.  In years two and five, 
cucumbers (Cucumis sativus) were planted in the spring and cabbage was grown in the fall.  In years seven and nine, peppers (Capsicum 
annum) were the summer crop.  In years eight and eleven, yellow squash (Cucurbita spp.) and fall broccoli (Brassica oleracea) were grown. 
 

Year Monocrop Rotation Cover Crop 
1 Staked Tomatoes Sweet Corn/Fall Cabbage Rye (syn), Vetch (org) 
2 Staked Tomatoes Cucumber/Fall Cabbage Rye (syn), Vetch (org) 
3 Staked Tomatoes Staked Tomatoes Rye (syn), Vetch (org) 
4 Staked Tomatoes Sweet Corn/Fall Cabbage Rye (syn), Vetch (org) 
5 Staked Tomatoes Cucumber/Fall Cabbage Rye (syn), Vetch (org) 
6 Staked Tomatoes Staked Tomatoes Wheat/C. Clover 
7 Staked Tomatoes Peppers Wheat/C. Clover 
8 Staked Tomatoes Yellow Squash/Fall Broccoli Wheat/C. Clover 
9 Staked Tomatoes Staked Tomatoes Wheat/C. Clover 

10 Staked Tomatoes Peppers Wheat/C. Clover 
11  Staked Tomatoes Yellow Squash/Fall Broccoli Wheat/C. Clover 
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Table 2.1.  Summary of p-value statistics for total carbon (TC), total nitrogen (TN), and Mehlich 3 extractable P (P) from spring and 
fall, and above-ground plant biomass from spring.  Yellow indicates significance level, p<0.05.   

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment or 
Interaction 

TC 
Spring 

TC 
Fall 

 TN 
Spring 

TN 
Fall 

P 
Spring 

P 
Fall 

Above 
ground Plant 

Biomass 

Tillage 0.0009 0.0002 0.0002 0.0002 0.1368 0.0061 <0.0001 

Input 0.1448 0.0455 0.0199 0.0752 0.2596 0.9831 0.2324 

Tillage*Input 0.7506 0.0574 0.3708 0.6723 0.4068 0.1390 0.3001 

Rotation 0.4541 0.8562 0.7913 0.4531 0.3870 0.1188 0.0219 

Rotation*Tillage 0.6833 0.2459 0.3666 0.8534 0.0662 0.6079 0.0078 

Rotation*Input 0.1829 0.6796 0.2160 0.8534 0.0073 0.0394 0.0348 

Rotation*Tillage*Input 0.9505 0.2391 0.8534 0.2160 0.0433 0.4637 0.0701 
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Figure 2.1. Total carbon for spring and fall sampling dates.   Figure 2.2. Total nitrogen for spring and fall sampling 

Error bars indicate standard deviation              Error bars indicate standard deviation. 
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Figure 2.3. Mehlich-3 extractable phosphorus from spring and fall sampling dates. 

Error bars indicate standard deviation.
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Figure 2.4. Above-ground plant biomass measured in April and May, 2003.  Samples were taken from strip-till organic (strip/org), 
strip-till synthetic (strip/syn), plowed organic (plow/org), and plow synthetic (plow/syn) treatments.  Split-plot rotation treatment 
(rotation and continuous) are indicated separately and error bars indicate standard deviation.
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Table 2.2.  Summary of p-value statistics for microbial biomass carbon (MBC) and nitrogen (MBN) from spring and fall.  Yellow 
indicates significance level, p<0.05.   

 

 Treatment or 
Interaction 

MBC 
Spring 

MBN 
Spring 

MBC  
Fall 

MBN 
Fall 

Tillage 0.0040 0.0015 <0.0001 <0.0001 

Input 0.0001 0.0005 <0.0001 <0.0001 

Tillage*Input 0.9258 0.0749 0.5052 0.1294 

Rotation 0.8122 0.1704 0.2163 0.1064 

Rotation*Tillage 0.9316 0.4125 0.5427 0.1092 

Rotation*Input 0.7013 0.7130 0.8422 0.2977 

Rotation*Tillage*Input 0.9713 0.6927 0.3365 0.9684 



66 

 

 

 

 

 

 

 

 

Table 2.3.  Microbial Biomass Carbon and Nitrogen (MBC and MBN) measurements from two tillage treatments (strip-till/plow) and 
two input treatments (organic/synthetic) for fertilizers and pesticides.   

 
 
 
 
 
 

 MBC (kg/ha) MBN (kg/ha) 
Treatment Spring Fall Spring Fall 

Strip-till/organic 759 866 98.2 84.3 
Strip-till/synthetic 479 498 40.8 46.3 

Plow/Organic 601 429 47.8 40.3 
Plow/Synthetic 297 145 19.4 12.8 
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Figure 2.5.  Biplot of phospholipid fatty acids and treatments.  Horizontal axis is principle component one and vertical axis is 
principle component two.  The yellow circles (treatment number 1) indicate the plow/synthetic treatment; pink circles (treatment 
number 2) indicate plow/organic treatments; green circles (treatment number 3) indicate strip-till/ synthetic treatments; and aqua 
circles (treatment number 4) indicate strip-till/organic treatments.  The letter R after a treatment number indicates the rotational 
subplot treatment and the letter C after a treatment number indicates the continuous stake tomato subplot treatment.  The fatty 
acids are labeled with their scientific names indicating chain length and degree of saturation next to the arrows.  The navy arrows 
indicate fatty acids most commonly associated with bacteria, green arrows indicate fatty acids associated with fungi, pink arrows 
represent fatty acids considered representative of actinomycetes, and grey arrows are not currently associated with any specific 
organism. 
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Figure 2.6.  Biplot of phospholipid 
fatty acids and treatments.   
Horizontal axis is principle component 
two and vertical axis is principle 
component three. For samples 
(colored circles), the yellow circles 
(treatment number 1) indicate the 
plow/synthetic treatment; pink circles 
(treatment number 2) indicate 
plow/organic treatments; green circles 
(treatment number 3) indicate strip-till/ 
synthetic treatments; and aqua circles 
(treatment number 4) indicate strip-
till/organic treatments.  The letter R 
after a treatment number indicates the 
rotational subplot treatment and the 
letter C after a treatment number 
indicates the continuous stake tomato 
subplot treatment.  The fatty acids are 
labeled with their scientific names 
indicating chain length and degree of 
saturation next to the arrows.  The 
navy arrows indicate fatty acids most 
commonly associated with bacteria, 
green arrows indicate fatty acids 
associated with fungi, pink arrows 
represent fatty acids considered 
representative of actinomycetes, and 
grey arrows are not currently 
associated with any specific 
organism. 
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Figure 2.7.  Proportion of variance explained by each individual principle component from principle component analysis of 
phospholipids fatty acids. 
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Table 2.4.  Summary of p-value statistics for enzyme activity.  Yellow indicates significance level, p<0.05.  Pink indicates marginal 
significance, p=0.05-0.10.  When FUMIGATION treatment is not significant, fumigated and non-fumigated samples are combined in 
ANOVA for all other treatments and interaction effects.  When FUMIGATION treatment is significant, only the fumigated level values 
are included for all other treatment and interaction effects using ANOVA. 

 

Treatment or Interaction ββββ-Glucosaminidase ββββ-Glucosidase Acid Phosphatase Alkaline Phosphatase 

Tillage <0.0001 <0.0001 0.0004 0.0004 

Input <0.0001 0.0022 0.0007 <0.0001 

Tillage*Input 0.0791 0.8557 0.4617 0.0603 

Rotation 0.2814 0.1513 0.9946 0.0791 

Rotation*Tillage 0.0051 0.0168 0.0453 0.2544 

Rotation*Input 0.3195 0.8242 0.7661 0.2071 

Rotation*Tillage*Input 0.3707 0.9171 0.0671 0.6134 

Fumigation 0.9312 0.0362 0.0041 0.2378 
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Figure 2.8. Effect of cropping system on ββββ-Glucosaminidase activity.  ROT indicates the vegetable rotation and CONT indicates the 
continuous stake-tomato treatment.  NF and F following the PLOW/SYN treatment labels differentiates between the enzyme activity 
measurements taken from soils before (NF) and after (F) fumigation.  Enzyme activity is expressed in terms of ρ-nitrophenol (PNP) 
concentration measured spectrophotometrically in the soil filtrate after incubation with enzyme substrate. Error bars indicate 
standard deviation.   
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Figure 2.9. Effect of cropping system on ββββ-Glucosidase activity.  ROT indicates the vegetable rotation and CONT indicates the 
continuous stake-tomato treatment.  NF and F following the PLOW/SYN treatment labels differentiates between the enzyme activity 
measurements taken from soils before (NF) and after (F) fumigation.  Enzyme activity is expressed in terms of ρ-nitrophenol (PNP) 
concentration measured spectrophotometrically in the soil filtrate after incubation with enzyme substrate. Error bars indicate 
standard deviation.   
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Figure 2.10. Effect of cropping system on acid phosphatase activity.  ROT indicates the vegetable rotation and CONT indicates the 
continuous stake-tomato treatment.  NF and F following the PLOW/SYN treatment labels differentiates between the enzyme activity 
measurements taken from soils before (NF) and after (F) fumigation.  Enzyme activity is expressed in terms of ρ-nitrophenol (PNP) 
concentration measured spectrophotometrically in the soil filtrate after incubation with enzyme substrate. Error bars indicate 
standard deviation.   
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Figure 2.11. Effect of cropping system on alkaline phosphatase activity.  ROT indicates the vegetable rotation and CONT indicates 
the continuous stake-tomato treatment.  NF and F following the PLOW/SYN treatment labels differentiates between the enzyme 
activity measurements taken from soils before (NF) and after (F) fumigation.  Enzyme activity is expressed in terms of ρ-nitrophenol 
(PNP) concentration measured spectrophotometrically in the soil filtrate after incubation with enzyme substrate. Error bars indicate 
standard deviation.   
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Table 2.5.  Summary of p-value statistics for nematode trophic groups from spring.  Nematode trophic levels were measured to 
determine effects of agricultural management decisions.  Treatments were tillage (strip-till/plow), input (organic/synthetic) fertilizers 
and pesticides, and vegetable rotation (rotation/continuous).  Yellow indicates significance level, p<0.05.   

 
 

 Nematode Trophic Groups - Spring 

Treatment or Interaction Bacterial-
feeders Fungal-feeders Omnivores Predacious Total  Root Knot 

Tillage 0.2399 0.0637 0.1821 0.0023 0.1390 0.2661 

Input 0.0364 0.2489 0.0044 0.2913 0.0205 0.2938 

Tillage*Input 0.7628 0.1452 0.8840 0.2913 0.8398 0.2938 

Rotation 0.3581 0.6303 0.0648 0.3701 0.3886 0.4100 

Rotation*Tillage 0.3670 0.7509 0.0330 0.0255 0.4763 0.2856 

Rotation*Input 0.5243 0.1023 0.8303 0.3282 0.4085 0.2856 

Rotation*Tillage*Input 0.8915 0.4227 0.0873 0.6195 0.6712 0.3136 
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 Nematode Trophic Groups - Fall 

Treatment or Interaction Bacterial-
feeders Fungal-feeders Omnivores Predacious Total  Root Knot 

Tillage <0.0001 .7422 .5251 .1184 <0.0001 .0086 

Input <0.0001 .2903 .0055 .5299 .0010 .6587 

Tillage*Input .6385 .4531 .0062 .3830 .4097 .2791 

Rotation .1222 .6705 .2167 .5704 .4509 .1964 

Rotation*Tillage .1547 .4866 .0580 .4888 .5871 .9091 

Rotation*Input .0682 .8315 .1237 .4888 .0784 .4240 

Rotation*Tillage*Input .4538 .2348 .1125 .3371 .3029 .1596 

Table 2.6.  Summary of p-value statistics for nematode trophic groups from fall.  Nematode trophic 
levels were measured to determine effects of agricultural management decisions.  Treatments were 
tillage (strip-till/plow), input (organic/synthetic) fertilizers and pesticides, and vegetable rotation 
(rotation/continuous).    Yellow indicates significance level, p<0.05.   
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Table 2.7.  Nematode Community Composition (individuals/50 cc soil) found in study examining effects of agricultural management 
decisions.  Treatments were tillage (strip-till/plow), input (organic/synthetic) fertilizers and pesticides, and vegetable rotation 
(rotation/continuous). 

 
 

 Bacterial-feeders Fungal-feeders Omnivorous Predacious Plant  
parasitic Total 

Treatment Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall 

Strip-till/organic 
-Rotation- 4750 8280 290 50 490 490 30 20 3 1690 5380 10530 

Strip-till/organic 
-Continuous- 3865 4634 200 0 260 620 90 80 5 1244 4415 6578 

Strip-till/synthetic 
-Rotation- 3180 3990 100 0 150 490 40 20 0 770 3470 5270 

Strip-till/synthetic 
-Continuous- 3110 3505 190 29 110 604 160 20 168 2669 3570 6827 

Plow/Organic 
-Rotation- 4403 3360 120 34 190 1326 20 0 3 250 4733 4969 

Plow/Organic 
-Continuous- 3060 2329 110 89 350 403 0 0 0 1197 3520 4018 

Plow/Synthetic 
-Rotation- 2800 374 100 0 40 82 90 0 0 0 2950 455 

Plow/Synthetic 
-Continuous- 1870 690 155 0 50 90 10 10 3 270 2085 1060 
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Table 2.8.  Trophic group distribution of nematodes.  Nematode populations expressed as a percentage of the total nematode 
community belonging to individual trophic groups, for spring and fall.  Nematode trophic levels were measured to determine effects 
of agricultural management decisions.  Treatments were tillage (strip-till/plow), input (organic/synthetic) fertilizers and pesticides, 
and vegetable rotation (rotation/continuous).  Rotation treatments are combined in this analysis. 

 

 Bacterial-feeders 
(%) 

Fungal-feeders 
(%) 

Omnivorous 
(%) 

Predacious 
(%) 

Plant  
Parasitic (%) 

Treatment Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall 

Strip-till/organic 86 75 5 0 8 6 1 1 0 17 

Strip-till/synthetic 89 62 4 0 4 9 3 0 2 28 

Plow/Organic 90 63 3 1 7 19 0 0 0 16 

Plow/Synthetic 93 70 5 0 2 11 0 1 0 18 
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Table 2.9.  Summary p-values of p-value statistics for earthworms from spring and fall.  Earthworm populations were measured to 
determine effects of agricultural management decisions.  Treatments were tillage (strip-till/plow), input (organic/synthetic) fertilizers 
and pesticides, and vegetable rotation (rot/cont).    Yellow indicates significance level, p<0.05.   
 

 
 
 
 
 
 
 
 
 
 

Treatments and 
Interactions Spring Worms Fall Worms 

Tillage <0.001 .0029 
Input .0002 .4755 

Tillage*Input .0002 .6028 
Rotation .0509 .7828 

Tillage*Rotation .0066 .6004 
Input*Rotation .0497 .0008 

Tillage*Input*Rotation .0497 .0008 
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Fig. 2.12.  Earthworm counts (per 0.25 m2) for spring and fall sampling dates.  Earthworm populations were measured to determine 
effects of agricultural management decisions.  Treatments were tillage (strip-till/plow), input (organic/synthetic) fertilizers and 
pesticides, and vegetable rotation (rot/cont).
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Chapter 3: Interactions between soil biological and physical 

properties in an alternative vegetable management study 

 

3.1. INTRODUCTION         

 

Ecology is defined as the study of relationships of organisms with each other and 

their physical environment (adapted from Smiles, 1988).  There is no question that 

organisms are strongly influenced by and also react to their physical habitat.  As a 

scientific discipline, soil ecology has only been recognized for two decades and is still 

frequently overlooked by ecologists (Neher, 1999).  This is partially a result of the 

complexity of soil systems, the broad diversity of soil organisms, the difficulty associated 

with extracting and identifying soil organisms, and a lack of recognition of the role of soil 

biota in determining the physical and chemical properties and production potential of 

soil (Hawksworth and Mound, 1991; Neher, 1999; Loreau et al., 2001).  Although soils 

contain by far the greatest diversity of organisms present in most terrestrial ecosystems, 

Wardle (2002) estimates that less than 3% of papers published in major ecological 

journals address studies of belowground organisms.  Thus, Wardle and Giller (1996) 

conclude that the current body of ecological literature and the seminal concepts of 

terrestrial ecology are based upon only a minority of the Earth�s biota. 

The evolution of soil biological communities depends on physical, chemical, and 

biological soil properties as well as the organisms themselves.  The way that these 

factors come together and affect one another is of great interests to soil ecologists.  A 

conscientious analysis of this topic requires multivariate analytical procedures to 
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quantitatively evaluate relationships and interactions between soil physical properties, 

management treatments, and soil organisms. 

Phospholipid fatty acid (PLFA) analysis is a biochemical method that provides 

information regarding the soil microbial community composition (Vestal and White, 

1989).  It may be possible to examine specific PLFAs within a soil to represent 

indicators of taxonomic or functional groups (Parkes, 1987).  Lipids account for 2-20% 

of the mass of most bacteria, 10-20% of the mass for most fungi, and 2-15% for algae 

(Jones, 1969; Rattray et al, 1975).  Bacteria contain a large diversity of fatty acids 

including normal, straight-chain, monounsaturated, branched-chain, 2- and 3-hydroxy 

and cyclopropane configurations (Lechevalier and Lechevalier, 1988).  Bacterial 

polyunsaturated fatty acids are rare (Lechevalier and Lechevalier, 1988).  Algae are the 

microorganisms having the greatest diversity of polyunsaturated fatty acids (Shaw, 

1966).  Protozoa produce a more limited range of fatty acid compounds and fungi are 

the most restricted group, most commonly only having 18:2 and 18:3 polyunsaturated 

fatty acids (Lechevalier and Lechevalier, 1988).  Phospholipids, in particular, are 

apparently always associated with membranes, and certain phospholipids are more 

common in some groups of microorganisms than in others (Lechevalier and 

Lechevalier, 1988), which is the principle that makes it useful for characterizing the soil 

microbial community.   

While PLFAs can be useful for examining microbial diversity from a taxonomic 

perspective, it reveals nothing about the functional diversity of the soil microbial 

community.  Evaluation of enzyme activities corresponding to microbial functions is one 

way to examine the functional diversity of soils resulting from differing agricultural 
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management systems (Dick et al., 1996; Aon et al., 2001).   Fumigation, fertilizer 

differences, and tillage management are factors in agricultural management that can 

impact the microorganisms which release many exoenzymes responsible for key soil 

functions.   A reduction in the taxonomic diversity of soils may not impact the functional 

diversity of soils if there is a high degree of functional redundancy in the soil microbial 

community (Fonseca and Ganade, 2001; Giller et al., 1997).  This occurs because a 

single soil function is often conducted by a large number of species, so if one of those 

species is eliminated it has little effect on the function itself because other organisms 

will fill the functional role (Walker, 1992; Lawton and Brown, 1993).  Despite a great 

deal of time, energy, and money spent researching the consequences of reduced 

microbial activity resulting from increased agricultural intensity, there is no substantive 

in situ evidence indicating that microbial diversity is reduced from a taxonomic or 

functional perspective as a result of intensive agricultural activity (Giller et al., 1997).  It 

is tempting, of course, to predict that soil biodiversity would decrease given that the 

above-ground diversity of plants and animals is reduced in agriculture fields and, also, 

that soil disturbance (tillage) often increases as agriculture endeavors become 

increasingly intensive (Giller et al, 1997).  However, chemical pest control substances 

and tillage both have unpredictable effects on the species diversity of various groups of 

fauna (Wardle, 1995).   

Studies differ in the results achieved by investigating the effect of reduced tillage 

on pore-size distribution.  Some studies have compared pore-size distribution between 

no-till and conventional tillage and found that macroporosity increased in no-till 

treatments compared to conventionally plowed treatments (Eliott and Coleman, 1988).  



84 

Other studies have shown that increases in soil organic matter have variable effects on 

macro- and microporosity, depending on soil texture.  Scheffer and Schachtschabel 

(1989, translated to English by Kirchmann and Gerzabek, 1999) reported that in fine-

textured soils, there was a reduction in macroporosity as a result of reductions in 

organic matter, but in coarse-textured soils reductions in micropores were observed.  

Messing et al. (1997) observed that macropores (>75 µm) were formed as a result of 

higher soil C levels in sandy soils.  Azooz et al. (1996) found that the effect of no-till in a 

silt loam and a sandy loam was to reduce the proportion of large pores and increase the 

proportion of small pores relative to conventional moldboard plowing.  Azooz et al. 

(1996) concluded that the effect of tillage management on the volume of large pores is 

specific to the soil and cropping system and further research is required.  They 

suggested evaluating pore size changes due to cropping management under different 

environmental conditions and soil textures.   

This study investigates the way that soil organisms exist and interact with their 

physical environment.  We were fundamentally interested in the soil physical and 

biological properties resulting from different long-term agricultural management 

decisions and the relationship between these physical and biological entities.  By using 

phospholipid analysis along with traditional biological activity measurements such as C 

and N mineralization, we attempted to characterize the soil microbiological community.  

We extracted the phospholipids present in soil samples from agricultural treatments and 

compared the phospholipid signatures as indicators of differing microbial community 

structures resulting from agricultural management decisions.  We also evaluated the 

nematode populations of these agricultural management treatments and related all of 
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these measurements to soil physical properties resulting from the implemented 

management decisions. 

 

3.2. MATERIALS AND METHODS       

 

3.2.1. Field Preparation and History   

 

This study was established in the fall of 1994 and was initially designed to 

examine the agronomic effects of alternative management, specifically investigating 

treatment effects on crop yield and pest and disease pressure.  The study had been in 

place for nine years when this soil biology experiment was initiated.  Based on 

measurable and visible differences in soil physical properties, crop yield differences, 

and weed community composition among treatments, it is believed by the authors that 

sufficient time had elapsed to allow the microbial and invertebrate communities to 

approach a steady state condition within each treatment.  The field site was conducted 

on a Delanco fine-sandy loam (fine-loamy, mixed, mesic, Aquic Hapludult) with 2-7% 

slopes at the Mountain Horticultural Crops Research Station in Fletcher, N.C.  The soil 

is moderately well-drained and formed on old alluvial deposits.  The site is situated on 

an old stream terrace subject to infrequent flooding.   

This study was designed as a randomized complete split-plot where production 

treatments (conventional moldboard plow vs. conservation tillage and conventional 

chemical fertilizer and pesticide inputs vs. organic inputs) were the whole plot 

treatments and vegetable rotation vs. continuous tomatoes (Solanum lycopersicum) were 



86 

the split-plot treatment.  The three-year vegetable rotation split-plot treatment (see 

Schematic 3.1, Chapter 1) consisted of sweet corn (Zea Mays)/fall cabbage (Brassica 

oleracea), cucumber (Cucumis sativus )/fall cabbage, and tomatoes for years 1-6 (two 

full 3-year rotations) and peppers (Capsicum annum); yellow squash (Cucurbita spp.)/ 

fall broccoli (Brassica oleracea); and staked tomatoes for years six through nine, 

respectively.  The continuous tomato treatment was planted in staked fresh market 

tomatoes every year (same variety as year three in rotation treatment).  All production 

treatments were trickle irrigated.  There was also a control treatment which was tilled as 

per the conventional tillage treatment, but with no additional inputs, no irrigation or black 

plastic, and no cover crop.   There were 20 plots consisting of five treatments and four 

replicates.  Each plot measured 12.2 by 24.4 m (0.03 ha).  There was an area of at least 

12.2 m separation between plots to minimize fertilizer and pesticide drift and pest and 

pathogen migration between plots.   

The cover crop used in all treatments other than the control was a combination of 

wheat and crimson clover (Trifolium incarnatum).  History of previous cover crops is 

given in Schematic 3.1 (Chapter 1).  Above-ground plant biomass was measured in the 

fall using square meter frames and cutting all above-ground cover crop at the soil 

surface, which was then dried and weighed.  In the conventionally tilled (�plowed�) 

treatment, the cover was plowed under one month before planting and then disked 

twice.  After final disking in late May, rows were bedded and plastic applied.  In the 

conservation tillage treatments, the cover crop was flail-chopped in the organic 

treatments and killed with glyphosate (CAS number: 1071-83-6) in the synthetic 

treatments.  The conservation tillage treatments (both organic and synthetic) were then 
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strip-tilled with a Bush Hog RoTill (producing 30 to 45-cm wide strips) and transplants 

were planted by hand.  Seeded crops were planted with a John Deere MaxEmerge no-

till planter.  Crops were seeded or transplanted during the second or third week in May.  

The Bush Hog RoTill implement has a less aggressive ripper and operates at 

lower horsepower compared to conventional moldboard plowing.  This system uses a 

subsoil shank which rips directly under the row, within the root zone.  By lifting the soil 

up and dropping it, it loosens compacted zones without inverting the soil or disrupting 

structure to the same extent as moldboard plowing.   It is also less disruptive to soil 

texture than other implements commonly used for strip tillage, generically referred to as 

roto-tillers.   

Fertilizers were applied on the same date for all treatments.  In the synthetic 

fertilizer and pesticide treatment (�Synthetic�), N was applied as NH4NO3 (168 kg N/ha).  

Nitrogen was applied as a band in both the strip-till row (conservation tillage treatment) 

and on the soil surface in the area where the plastic was to be applied (plowed 

treatments).  Soil test recommended phosphorus and potassium were surface 

broadcast over the entire plot each fall when the winter cover crop was planted.  Black 

plastic was applied after fertilization (plowed/chemical and plowed/organic treatments) 

and fumigated with methyl bromide (CAS# 74-83-9) (plowed/chemical treatment only).  

After one week, the plastic was punctured where plants were going to be inserted and 

gas was allowed to escape. Disease and insect control in the synthetic treatments were 

applied as needed, with materials recommended from the NC Ag Chemical Manual. 

In the organic treatments (both plowed and conservation tillage) N, P, and K 

fertilizers were applied as follows: soybean (Glycine max)  meal at 168 kg N/ha 
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(assuming 100% availability during the growing season) was surface applied in the row 

before planting in the strip-till and banded in-row before black plastic was applied in the 

plowed treatments.  Rock phosphate (0-30-0 assuming 3% solubility) and SoPoMag (0-

0-22) were surface broadcast at winter cover crop planting as recommended by soil test 

reports.  Disease and insects were controlled with materials approved for organic 

production and weeds were controlled by mowing and hoeing.  Although the 

plowed/organic treatment was not fumigated, it was bedded and covered with black 

plastic at the same time as the plowed/chemical treatment.   

Strip-till/organic treatment plots were mowed continuously throughout the 

summer to reduce weed competition around the borders and between rows.  This 

should be considered as an additional labile source of nutrients for plants and soil 

organisms that other treatments did not receive. 

 

3.2.2. Soil Sampling and Analyses 

 

Soil samples were taken for microbial activity in the spring (19 May) and fall (13 

October) of 2003, physical properties in the fall of 2003, and earthworm and nematode 

populations in the spring and fall of 2004.  Soil samples were taken for phospholipid 

fatty acid (PLFA) analysis in the spring of 2003. Schematic 3.1 describes the 

measurements made for microbial characterization of soil properties and also describes 

measurements made to examine differences in soil physical properties and resource 

availability for microorganisms and soil fauna.   
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Samples for microbial biomass, phospholipids analysis, nematode analysis, and 

the enzyme assay were taken from respective treatments using a 6-cm diameter push 

probe.  All soils were sampled to a 15-cm depth from within the crop row approximating 

the area of greatest microbial activity in the root zone.  Samples were taken by 

compiling cores from four locations along the length of two rows (alternatively on either 

side of the row) within each subplot.  Samples were gently sieved through a 6 mm 

screen.  Soil samples analyzed for microbial biomass and the enzyme assay were 

maintained at 4û C and analysis was conducted within two weeks of the sampling date.  

Samples reserved for phospholipid analysis were frozen at -14û C and freeze-dried prior 

to analysis.  Samples used for nematode analysis were maintained at room temperature 

until they were extracted.  Extractions occurred within a week of the sampling date. 

Microbial community structure was examined using microbial biomass C (MBC), 

microbial biomass N (MBN), phospholipid fatty acid (PLFA) analysis, and an enzyme 

assay.  The microbial biomass analyses (MBC and MBN) provide a means to examine 

total biomass values and to compare them among treatments.  Microbial biomass 

analyses were conducted by the chloroform fumigation and extraction technique (Hu et 

al., 1997; Vance et al., 1987) employing a KcC-factor [microbial C-extraction efficiency] 

of 0.33 after Sparling and West (1988).  The MBN procedure was conducted using the 

alkaline persulfate oxidation digestion method of Cabrera and Beare (1993) with a KcN-

factor  [microbial N-extraction efficiency] of 0.54 as per Brookes et al. (1985).  Microbial 

biomass C to N ratio was also calculated and used as an indicator of microbial 

composition (Hu et al., 2001).  All values were calculated by subtracting a non-

fumigated control value from the fumigated measurements. 
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Microbial activity was assessed using potentially mineralizable C and N analyses.  

Enzyme analysis was also considered a measurement of optimal microbial activity.  

Mineralizable C (respiration) was measured using the NaOH base trap technique over 

28 days.  Twenty grams of field moist soil were measured into small wide-mouth glass 

vials and set in the bottom of air-tight jars.  Ten mL of deionized water were pipetted 

into the bottom of the jar to maintain relatively high humidity and to prevent loss of 

moisture from soil.  Base traps were designed by suspending 50-mL beakers from the 

top of the air-tight jars using copper wires and eye-hooks drilled into the top of the jars 

and sealing them with silicone glue to prevent gas leakage.  Base traps were 

suspended from the lid in an effort to prevent the traps from partially obscuring the 

mouth of the soil container, which may affect the evolution of carbon dioxide from the 

jar.  Five mL of 0.2 M NaOH were added to each base trap; lids were carefully closed 

and the time of lid closure was recorded and considered the official start time for the 

respiration.  Traps were collected and titrated on days 0, 7, 14, and 28 with 0.1 M HCl.  

Sodium hydroxide acts as a trap for CO2 according to the following reaction: 

NaOH + CO2 ! Na2CO3 + H2O 

By adding a known volume of NaOH with a known concentration (0.2 M, in this 

case), the number of moles of NaOH present at the beginning of the experiment can be 

calculated.  Provided that there is an excess of NaOH provided (ie, there is unreacted 

NaOH remaining at the end of the study), the excess NaOH can be titrated with a 

determinable volume of HCl at a known concentration (0.1 M, in this case), so that a 

calculation yielding the remaining moles of NaOH present can be determined.  By 

subtracting from the original number of moles of NaOH present, the amount required to 
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react with CO2 can be determined.  This can then be used to calculate the number of 

moles of CO2 evolved during a given time period from a measured soil mass.  Moisture 

content was calculated at the beginning of the experiment and all measurements were 

calculated on an oven-dry soil mass basis. 

Potentially mineralizable N was evaluated on the same time increments as for 

respiration by measuring N concentration in unamended soils over the course of 28 

days.  Air-tight jars were used and approximately 10.5 grams (fresh weight) of soil was 

weighed into each of four scintillation vials and all four vials were placed in the air-tight 

jars.  Ten mL of deionized water were added to the bottom of the air-tight jar to maintain 

relatively high humidity, and thus maintain moisture content of soil.  On the extraction 

dates, one of the four vials was removed from each jar and the soil was extracted and 

re-weighed into plastic snap-top vials.  Potassium sulfate (0.5M) solution was used to 

extract the potentially mineralizable N from the soil by shaking on a rotary oscillator for 

30 min.  Samples were filtered and frozen until they were analyzed for NO3
- and NH4

+ 

concentrations using a calorimetric N analyzer fitted with a cadmium-copper reduction 

column (Lachat N Analyzer; Lachat Instruments, Milwaukee, WI).  Temperatures were 

recorded daily for both the respiration and mineralization studies and corrections were 

made to assure that broad fluctuations in temperature did not occur.   

The PLFA procedure was conducted according to an adapted method from 

Bossio et al., 1998.   

The enzyme assay provides an estimation of the functional microbial diversity 

existing in each treatment by estimating the presence of five soil enzymes: β-

glucosadase, β-glucosaminidase, acid phosphatase, and alkaline phosphatase.  Soil 
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samples were collected in May 2005 prior to crop planting.  Samples were air-dried in a 

forced-air oven at 28°C over night, and gently sieved to pass through a 2-mm sieve.  

Samples were stored in a cold room at 4° C until analyzed.  Analyses were completed 

within three weeks of being collected from the field.  These assays were conducted 

using the methods of Eivazi and Tabatabai (1988) for β-glucosidase, Parham and Deng 

(2000) for β-glucosaminidase, and Tabatabai and Bremner (1969) and Eivazi and 

Tabatabai (1977) for acid and alkaline phosphatases.  All enzyme analyses were based 

on measurement of color intensity after enzymatic activity catalyzed the hydrolysis of 

the substrate from ρ-nitrophenol.  The ρ-nitrophenol color reagent was measured 

spectrophotometrically (Shimadzu UV2101PC, UV-Vis scanning spectrophotometer) in 

the soil filtrate and calculated from a calibration curve prepared as per Tabatabai, 1994. 

Invertebrate community structure was performed by identifying and analyzing 

representative communities of nematodes.  Nematode community structure was 

conducted by extracting nematodes using the method of soil elutriation followed by 

sugar flotation (Barker, 1985).  In this procedure a semiautomatic (?) elutriator is used 

for extracting nematodes and soil fragments from soil.  Following this, colloids are 

removed from samples with a flocculating agent, leaving nematodes suspended in a 

(0.7 to 1.0 M) sucrose solution.  Nematode counts were estimated as per Imbriani 

(1985) and differential counts were referenced by trophic groups (Freckman and 

Baldwin, 1990; Yeates et al., 1993).  Trophic groups are a �high-order resolution of 

nematode biodiversity� (Niles and Freckman, 1998) and includes the following five 

functional groups defined by the species feeding habits: bacterial-feeders, fungal-
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feeders, omnivores, predators, and plant-feeders (both underground herbivores and 

plant-parasites). 

Soil physical properties were conducted in the fall of 2003.  Soil bulk density, 

pore size distribution, and total porosity were determined by taking four Uhland core 

samples from each subplot, for a total of eight samples per main plot.  The Uhland 

cores were taken to a temperature- and pressure-controlled laboratory facility equipped 

with a specially-designed soil moisture release curve apparatus.  This facility was used 

for determination of macro- and microporosity, which was summed to get total porosity. 

The Uhland cores were first saturated with water for 24 hours in ceramic flat-bottomed 

stoppered funnels fitted with porous pressure plates.  After 24 hours, the funnels were 

drained of all excess water by siphoning water from around the cores.  The funnels 

were then fitted with air tight seals and the bottoms of the funnels were unstoppered to 

allow water to move through into collecting cylinders, placed below.  Sixty centimeters 

of positive pressure were applied to the funnels through hoses fitted to the air-tight lids.  

This pressure was applied for 24 h and the amount of water released during that interval 

was measured from the collecting cylinders below each funnel.  This measurement 

indicates the water removed from macropores.  The cores were then weighed and 

placed in a drying oven overnight at 105° C.  Cores are re-weighed and the moisture 

retained after the pressure treatment is taken to indicate microporosity.  Macroporosity 

and microporosity are summed to give total porosity.  Bulk density is determined 

independently by determining oven dry weight and dividing by volume of the core.    

Aggregate stability was determined using a wet-sieving method.  Four sieves 

with hole diameters of 4.75, 2, 1, 0.5, and 0.2 mm were nested from largest to smallest.  
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Fifty g of air-dry aggregates (pre-sieved between 4 and 8 mm) were placed on the top 

sieve.  The nest of sieves was placed in a metal harness and the harness was slowly 

immersed inside a Plexiglas column filled with deionized water.  The harness was 

secured to a vertical-movement agitator arm directly above the Plexiglas column and 

was allowed to slake for five minutes.  Samples were left to vertically oscillate for 10 

minutes.  Water was siphoned out of the cylinder and sieves were removed and placed 

in a drying oven overnight at 105° C.  Dry weight of sample retained on each sieve was 

calculated.  Prior to discarding samples, the soil retained on the 4.75 and 2 mm sieves 

was rinsed forcefully with a jet of water and forceful rubbing to determine if any small 

stones or gravel were retained.  Any such material was dried, weighed, and subtracted 

from the total sample.  Aggregate stability was expressed on a geometric mean weight 

diameter basis.  Geometric mean weight diameter is a soil aggregation index which 

characterizes the degree of aggregation of a soil sample by calculating a single number.  

This method of expressing soil aggregation is an alternative to calculating the 

percentage of a sample�s mass found in each of a series of aggregate size fractions 

after wet sieving.  The disadvantage of expressing aggregation as a series of aggregate 

stability size classes is that one cannot use these values as a measure of whole soil 

structure.  The geometric mean weight diameter characterizes the structure of the whole 

soil by integrating the aggregate size class distribution into a single value (Six et al., 

2000).  The calculation for geometric mean weight diameter is: 
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Geometric Mean Weight Diameter (GMD) = exp[(Σwilogxi)/Σwi] 

 

where xi is the mean diameter of aggregate class i and wi is the mass of aggregates 

having mean diameter xi.   

 

3.2.3. Data Analyses 

 

Analysis of variance was conducted to examine relationships between individual 

biological measurements and respective treatments using SAS software (SAS systems, 

Cary, NC).  Biological parameters were analyzed by principle components analysis 

(PCA) and redundancy analysis (RDA) using CANOCO software version 4.5 

(Microcomputer Power, Inc., Ithaca, NY) and SAS software.  Data was standardized by 

dividing measured biological and physical values by the standard deviation and 

centering the values.  Principle components and redundancy ordination axes were thus 

based on the correlation matrix.  Sample data was not standardized or centered.  Select 

species data were transformed as described in the results section.  Data is presented 

as 2D plots for greater understanding of relationships.   

In essence, RDA uses the environmental variables (soil physical properties, in 

this case) to explain the species data (the biological properties, in this case).  The RDA 

value for each sample is obtained by a multiple regression of biological parameters for 

that sample on the physical property values for that sample, which is used to create a 

correlation matrix of all combinations of variables (ter Braak and �milauer, 2002).  We 

tested the significance of the ordination axes as explanatory variables for our biological 
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data by performing the Monte Carlo permutation test using the Canoco software 

program.  The Monte Carlo permutation is an objective test for evaluating the statistical 

significance of the eigen values produced in ordination procedures by testing the 

significance of the relative percent variance accounted for by each eigen value when 

the data comes from a sample rather than from entire population (McGarigal et al., 

2000).  It is a type of statistical resampling procedure commonly referred to as bootstrap 

procedures.  The advantage of this nonparametric test is that the only assumption 

required is that the observations are independent; there is no requirement or 

assumption regarding the distributional properties of a sample drawn from this 

resampling technique (McGarigal et al., 2000).   

 

3.3. RESULTS 

 

3.3.1. Total Soil Carbon and Nitrogen and Extractable Phosphorus 

 

This data has been previously reported in Overstreet et al. (2005). 

 

3.3.2. Microbial Biomass C and N 

 

This data has been previously reported in Overstreet et al. (2005). 
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3.3.3. Phospholipid Fatty Acid and Enzyme Analysis 

 

Phospholipid fatty acids (PLFAs) were quantified on a mole percent basis.  Ten 

fatty acids were consistently found in all samples, and made up, on average, 71% of the 

total fatty acid mole percent for all samples.  These fatty acids were selected for further 

analysis.  Soil samples were also taken and analyzed for the activity of four 

exoenzymes in the spring of 2005.  The enzymes were selected for discrimination of C, 

N, and P cycling in agricultural management systems: β-glucosidase, β-

glucosaminidase, acid phosphatase, and alkaline phosphatase.  The purpose of these 

two measurements, PLFA and enzyme activity, was to obtain taxonomic and functional 

measurements of microbial community structure.  Although many researchers have 

suggested that land management can influence the microbial diversity of soils, there 

have been few studies evaluating the influence of long-term land management on the 

taxonomic or functional diversity in soil microbial communities (Lee, 1991; Pankhurst et 

al., 1996). 

Individual measurements from fatty acid analysis have been previously reported 

in Overstreet et al. (2005).  Briefly, results of using PCA on the PLFA data indicated the 

fungal biomarker, 16:1ω5c, was closely associated with the least intensively managed 

agricultural treatment (strip-till/organic) and that actinomycetes and bacterial biomarkers 

10Me18:0 and 19:0cy, respectively, were most closely associated with the two 

intermediately managed treatments, plow/organic and strip-till/synthetic.  The 

biomarkers 16:0 and 18:0, which are not clearly affiliated with particular microbial taxa, 



98 

were most closely associated with the most intensively managed treatment 

(plow/synthetic).   

In the enzyme analysis, which was previously reported in Overstreet et al. 

(2005), tillage and input were also found to be highly significant factors in enzyme 

activity.  The least intensive management treatment (strip-till/organic) had the greatest 

enzymatic activity in all cases, and the most intensive management treatment 

(plow/synthetic) displayed the lowest activity in enzyme measurements. 

 

3.3.4. Soil Respiration Measurements and Metabolic Quotients ( qCO2, and Cmic-to-Corg 

ratio) 

 

Figure 3.1 shows the relationships among treatments for a 28-day incubation 

period; cumulative CO2 evolution is shown.  The strip-till/organic treatment had the 

greatest C mineralization over the 28-day, room-temperature incubation, followed by 

strip-till/synthetic, then plow/organic, and, the least, plow/synthetic.  Tillage, input, and 

the tillage-input interaction were strongly significant treatment effects controlling soil C 

mineralization (Table 3.1).  Rotation was not a significant treatment effect, and so 

values were averaged over the rotation treatment for whole-plot treatments, i.e. tillage 

and input (Fig. 3.1).  The value for cumulative CO2 evolution increased for the strip-

till/organic treatment from spring to fall, but all other treatments decreased in value from 

the beginning to the end of the season.  These results reflect the same trend seen in 

total C and microbial biomass C from the spring to the fall sampling dates (previously 

reported in Overstreet et al., 2005).  Taken together, this data indicates that C levels 
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increase in strip-till management systems relative to conventional tillage systems and 

that higher C levels coincide with increased microbial biomass and potential microbial 

activity in strip-tilled systems.  These results corroborate previous studies (Dalal et al., 

1991; Reicosky and Lindstrom, 1993; Karlen et al., 1994; Drijber et al., 2000) 

Figure 3.2 relates the ratio of respired C (28-day cumulative measurement) to 

microbial biomass C values (both measurements expressed in terms of mg C (g soil)-1) 

determined for spring and fall.  This value, referred to as qCO2, is considered a 

measure of relative microbial activity between soils with different physical or chemical 

properties because it normalizes the microbial activity based on the microbial biomass 

present in each soil.  The plow/synthetic treatment has the highest qCO2 values for both 

the spring and fall measurements.  In the spring, the two treatments receiving synthetic 

inputs had greater qCO2 values than the treatments receiving organic inputs.  Soil 

samples were taken prior to fertilization in the spring of 2003, and the lower qCO2 

values may be an indication of low soil fertility in treatments receiving organic 

amendments, resulting in a less biologically active microbial biomass.  The qCO2 value 

is lowest in the plow/organic treatment for both spring and fall sampling dates and also 

drops from spring to fall.  This could be the effect of nutrient sources being tied up in 

complex organic compounds, thus taking longer to become available for microbe use.  

Another possibility proposed by Anderson and Domsch (1989) to explain reduced qCO2 

in rotation treatments, is that the greater complexity of organic inputs into the system 

selects for organisms that are more metabolically efficient compared to other 

treatments, in our case, the synthetic input treatment. Dilly and Kutsch (2000) also use 

the qCO2 value to indicate the C-use efficiency of the soil microflora, such that a low 
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value indicates higher C-use efficiency, and vice versa.  If this is the case, we should 

conclude that the organic treatments are more efficient in the use of C and the 

plow/synthetic treatment is habitat for the microbial community which is least C-use 

efficient in this study. 

Another ratio commonly used for evaluation of ecological soil data is the 

proportion of total organic C (TOC) present as microbial biomass C, abbreviated 

Cmic:Corg.  This is generally a more stable measurement of biomass growth than 

microbial biomass alone, and is a function of climate, texture, and management 

practices (Insam et al., 1989).  Within a stable ecosystem, this ratio usually maintains a 

consistent equilibrium value.  Because the soil in this study is low in carbonates and 

other inorganic C sources, total C measurements were considered to be a measure of 

total organic C.  There were no significant differences between Cmic:Corg ratios due to 

treatment effects in this study (Table 3.1).  Since no treatment effects were statistically 

significant, it is not evident that tillage, input, or rotation were strong determinants of 

biomass growth in this study. 

 

3.3.5. Potentially Mineralizable N 

 

Tillage was a significant factor for N mineralization for both spring and fall 

sampling dates (Table 3.2).  There was a significant interaction for tillage/input in the 

spring.  Potentially mineralizable N was not significantly affected by rotation at either 

sampling date and so values were averaged over rotation and expressed as main plot 

treatment effects.  Figure 3.4 describes the treatment effects for the spring and fall 
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sampling dates on cumulative N mineralization over 28 days.  As in the C mineralization 

data, the strip-till/organic treatment increased from spring to fall while all other values 

decreased.  In both spring and fall the strip-tilled plots produced greater mineralizable N 

than the plowed treatments.  The strip-till/synthetic average was18% greater than the 

strip-till/organic average in the spring.  Among the plowed treatments in the spring, the 

average of the organic treatment was 37% greater than the average of the synthetic 

treatment.  In the fall, the strip-till/organic treatment mineralized considerably more N 

during the incubation than any of the other treatments.  The second-highest value was 

produced by the strip-till/synthetic treatment, and it was 32% lower than the strip-

till/organic average.  The two plowed treatments yielded much less mineralizable N in 

the fall compared to the strip-tilled treatments. 

 

3.3.6. Nematodes 

 

This data has been previously reported in Overstreet et al. (2005).  A brief 

summary of results may help in understanding the interpretation of our ordination 

analyses.  Bacterial-feeding nematodes made up the majority of the total nematode 

community in all of our samples, regardless of treatment (62-93% of total nematode 

counts, depending on treatment).  Tillage was a significant factor in the fall sampling 

date for bacterial-feeding nematodes, but was non-significant for the spring.  Input 

(synthetic vs. organic fertilizers and pest control chemicals) was highly significant for the 

bacterial-feeding trophic group of nematodes for the spring and fall sampling dates.  

Treatments receiving organic inputs displayed greater counts of bacterial-feeding 
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nematodes, but the proportion of bacterial-feeders (among all nematode trophic groups 

identified) was lower than in synthetic input treatments from the same sampling date.  

The lower total number of nematodes in the synthetic input treatments is probably due 

to the high degree of mortality resulting from fumigation application (for the 

plow/synthetic treatment) or is indicative of a benefit resulting from the organic inputs.  

We also observed that the treatments with the lowest number of total nematodes had 

the greatest percentage of bacterial-feeders, perhaps indicating contaminants and other 

environmental stressors.  We concluded that the bacterial pathway is the primary 

source of microbially-mediated decomposition in this biological system for all 

treatments.   

 

3.3.7. Physical Properties 

 

The architecture of the soil, determined by soil physical properties, influences the 

habitability of the soil for organisms as well as the flux of nutrients through 

agroecosystems (Elliott and Coleman, 1988).  In this study we selected bulk density, 

macro- and microporosity, and aggregate stability to represent soil physical properties.  

Particle size analysis was also performed in every block, but because all soils collected 

were similar in particle size composition and classified as sandy loam or sandy clay 

loam, this information is not reported.  Samples for soil physical properties were taken in 

the fall immediately after the final vegetable harvest so that the soil would have time to 

settle following spring cultivation.   Gravimetric soil moisture was neither limiting to crop 

growth nor excessively wet when soils were sampled. 
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3.3.7a. Bulk Density 

 

All bulk density samples were taken from the in-row position.  Bulk density was 

significantly affected only by tillage treatment (Table 3.3).  Since rotation was not a 

significant treatment factor, bulk density measurements were averaged over rotation 

treatments and determined for main plot effects only.  The average bulk density was 

1.38 g cm-3 in the strip-till treatment and 1.42 g cm-3 in the plowed treatment (Fig. 3.5).     

 

3.3.7b. Pore size distribution and water-stable aggregates 

 

Macroporosity and total porosity were unaffected by any of the treatments.  

Microporosity, however, was significantly affected by tillage (Table 3.3).  Micropores 

composed a significantly greater proportion of the total porosity in the strip-tilled soils 

compared to soil cores taken from plowed soils (Figure 3.6). Macropores were more 

prominent in plowed soils compared to strip-tilled soils, although the difference was not 

significant (p=0.0642).  The treatment effects in this measurement agreed with bulk 

density results, in which the only significant difference was also a result of tillage 

management.   

There were more macroaggregates in the strip-tilled soils, especially in the strip-

till/organic soils relative to the plowed soils (Fig. 3.7).  Plowed soils had a greater 

proportion of smaller macroaggregates in the 0.212-0.5 mm (mean diameter of 0.356 

mm) and microaggregates in the < 0.2 mm (mean diameter 0.1 mm) range.  The most 

intensive treatment in this study (plow/synthetic) had about 55% WSA between 0.5 � 8 
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mm in diameter, and these were evenly distributed among four intermediate 

macroaggregate size classes.  Most of the WSA (37%) in the plow/synthetic treatment 

were observed in the smallest macroaggregate category, 0.2-0.5 mm in diameter.  A 

small portion (7.5%) of the plow/synthetic soil samples tested fell in the microaggregate 

size class.  For the least intensively managed treatment (strip-till/organic, nearly 75% of 

the WSA were observed in the largest macroaggregate size class, 4.75-8 mm in 

diameter.  The intermediate treatments (strip-till/synthetic and plow/organic) were 

similar in their distribution of WSA aggregates, although the strip-till/synthetic had more 

macroaggregates and fewer microaggregates relative to the plow/organic.    

Our study is the only known research to compare pore-size distribution and 

percent water stable aggregates of strip-tilled and conventionally-tilled soils in the highly 

structured loamy soils (15-23% clay content) and temperate climate of the southeastern 

United States.  If we consider that there was significantly greater total C in strip-tilled 

compared to plowed soil samples (previously reported in Overstreet et al., 2005), our 

results are consistent with those of Scheffer and Schachtschabel (1989) who 

demonstrated that reduced organic matter resulted in reduction in micropores in a 

coarse-textured soil.  Our results were also in agreement with the results of Azooz et al. 

(1996) who observed a greater volume of macropores in tilled systems in a silt loam and 

a sandy loam.  It should be noted that soils in this study were classified as loams, sandy 

clay loams, and sandy loams (51-62% sand).  Hill (1990) determined that soils under 

conventional tillage had greater total pore space and a larger proportion of their pores 

volume occupied by larger pores (> 1.5 µm radii) in two out of three site locations.  

These results agree with the greater pore size distribution of macropores found in 
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conventionally-tilled soils compared to strip-tilled soils in this study, but do not confirm 

Hill�s results of greater total pore space in tilled soils. 

 

3.3.8. Relationships among biological and physical properties 

 

Principle components analysis (PCA) and redundancy analysis (RDA) were used 

to investigate relationships between community structure of organisms, biological 

parameters, and soil physical properties.  These techniques are descriptive 

measurements used to examine relationships of biological and physical soil properties. 

 

3.3.8a. Relationships among microbial community structure (measured from PLFA 

profiles and enzyme activity) 

 

Figure 3.9 is a biplot resulting from PCA of PLFA data and enzyme activities.  

Table 3.5 gives the corresponding eigen vector values for the principle components and 

the total significance each principle component provides towards explaining total 

dataset variance.  PLFA and enzyme activities were selected to represent microbial 

community structure from a taxonomic and functional perspective, respectively.  As 

viewed in the figure, the enzyme measurements (red arrows) are closely associated 

with the least intensive treatment (number 4, strip-till/organic) while the most intensive 

treatment samples (number 1, plow/synthetic) are oriented away from the direction of 

increasing enzymatic activity.  The PLFA measurements are less discriminatory, 

occurring with little discernable pattern in terms of treatment effects.  Treatments 2 
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(plow/organic) and 3 (strip-till/synthetic) are distributed near the origin of the bi-plot.  An 

explanation for this distribution is that it is the result of these treatments having site 

scores which place them between the values found for the most extreme treatments, 

and it is coincidental that this places them near the origin of the biplot.  As seen in Table 

3.5, the first two principle components in this analysis together explained 55.4% of the 

total variance found in the compiled PLFA and enzyme data.   

 

3.3.8b. Relationships among C, N, P, and biomass measurements and microbial activity 

 

Principle components analysis was also used to examine associations between 

treatment effects and biological parameters.  The biological parameters analyzed were 

concentrations total C and N (%TC and %TN, respectively), Mehlich-3 extractable P (P), 

microbial biomass C and N (MBC and MBN, respectively), soil respiration (PMC), and 

potentially mineralizable N (PMN).  Results of soil chemical data (%TC, %TN, and P) 

are presented in chapter 2.  The result of the ordination procedure is seen in the biplot 

in Figure 3.10.  All measurements are seen to be increasing in the positive direction of 

principle component 1.  The treatments are distributed in a gradient along principle 

component 1, with the most intensive treatment (number 1, plow/synthetic) being 

oriented in the negative direction.  The least intensive treatment 4 (strip-till/synthetic) is 

located in a cluster in the most positive region of principle component 1, which also 

corresponds with the region of increasing values for most of the biological parameters, 

especially MBC, MBN, PMC, and PMN.  Treatments 2 and 3 (plow/organic and strip-

till/synthetic, respectively) are located in clusters about the origin of the biplot, probably 
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indicating that they are intermediate in relation to the most extreme treatments in their 

correlations with the biological properties analyzed.  As seen in Table 3.6, principle 

components 1 and 2 are almost equally important, explaining 36.7% and 30.4% of the 

total variance in the data set, respectively.  Thus, we should give equal consideration to 

both principle components when evaluating the influence of biological parameters.  

Principle component 2 in Figure 3.10 (the vertical axis) appears to roughly divide 

the treatments into the plowed treatments (1 and 2) located in the positive region of 

PC2, and the strip-tilled treatments (3 and 4) located in the negative portion of PC2.  

Examining the orientation of the arrows representing the biological parameters from the 

ordination procedure, we see that the coarser biological measurements, %TC, %TN, 

and P, are oriented in the positive region of PC2 and the measurements directly related 

to biological activity (MBC, MBN, PMC, PMN) are oriented in the negative direction of 

PC2, which also corresponds to the region where the least intensive treatment samples 

(treatment 4, strip-till/organic) are clustered.  This agrees with conclusions from other 

research, suggesting that direct measurements of biological activity and organisms are 

better able to discriminate the sustainability of an agricultural system than simple 

measurements of total C, total N, or P availability (Powlson et al., 1987; Holloway and 

Stork, 1991; Fortin et al., 1996; Grant, 1997).  
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3.3.8c. Relationships among biochemical parameters (C, N, P and biomass) and 

physical properties 

 

Because soil provides the physical habitat for microorganisms and other soil 

organisms, it is reasonable to expect that soil physical properties such as texture, bulk 

density, and pore-size distribution can affect the composition and function of the soil 

biological community.  Aggregate stability is a physical property that is thought to be 

controlled by biological processes such as fungal hyphae and earthworm exudates.  

Aggregate stability can therefore be considered a physical soil property that integrates 

other soil physical properties (soil texture and bulk density, namely) and biological 

processes.   

In order to better understand the effect that physical soil properties have on 

biological parameters, we performed a redundancy analysis (RDA) of the following 

biological measurements: microbial biomass C and N (MBC and MBN, respectively), 

soil respiration (RESP), and potentially mineralizable N (PMN).  The soil physical 

properties (bulk density, macro and microporosity, and aggregate stability) were treated 

as environmental variables, or explanatory variables, to constrain the ordination of the 

biological properties, which were treated as the response variables.  Aggregate stability 

was expressed as geometric mean weight diameter (mm) of samples.   

The triplot resulting from RDA is seen in Figure 3.11 and the results of the Monte 

Carlo permutation are seen in Table 3.7.  The sampling date and treatment blocks were 

treated as covariables in the analysis.  Because the rotational subplot treatment was not 

significant in any of the measurements for biological or physical data, the split-plot 
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treatment was averaged over whole plots and the treatment design was treated as a 

simple randomized complete block.  The analysis is based on the correlation matrix of 

non-transformed data.  All sample distributions were near-normal (had skewness and 

kurtosis values between -1 and 1) with the exception of MBN data, which had kurtosis 

values of about 3 and 3.5 for spring and fall, respectively. 

The first ordination axis in the triplot in figure 3.11, composed of soil physical 

property data, explains 22.9% of the variance in the biological data and contains 91.1% 

of the variance in the correlation matrix between biological and physical soil parameters 

(Table 3.8).  The variance between biological and physical soil parameters is a 

measurement of the strength of the relation between these parameters determined by 

regression procedures (ter Braak and �milauer, 2002).  The second ordination axis 

contributes relatively much less, only providing an additional 1.8% to the cumulative 

variance explanation among biological parameters and 7% to the relationship among 

biological and physical soil properties.  Thus, the fist axis warrants more attention than 

the second or subsequent axes.  It is clear from the triplot that all biological parameters 

(signified by navy arrows) are strongly oriented in the positive direction of the first axis.  

This is also the direction of increasing values for the physical properties microporosity 

and aggregate stability.  Microporosity and aggregate stability were the only significant 

of the four soil physical properties for explaining variation in the biological property 

measurements, with microporosity accounting for 17% of that variance and aggregate 

stability an additional 6%.  Bulk density and macroporosity were not significant 

explanatory variables in this analysis.  It is appropriate to note here that significance 

tests in forward selection, as used for permutation in this analysis, may be too liberal 
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(ter Braak and �milauer, 2002), giving P-values below the conventional 5% level as a 

result of the selection.  For the purposes of this study, we were more concerned with the 

relative rank (not the absolute values) of the soil physical properties in affecting change 

in the biological parameters. 

Examining the distribution of treatment samples on the triplot, it is evident that 

the least intensive tillage practice treatments 3 and 4 (strip-till/synthetic and strip-

till/organic, respectively) are generally oriented on the positive side of the first ordination 

axis, with the biological properties and microporosity and aggregate stability eigen 

vectors.  The most intensive tillage practice treatments 1 and 2 (plow/synthetic and 

plow/organic), are distributed about the negative side of the first axis, which is also the 

direction of increasing values for macroporosity and bulk density.  Because there is no 

discernable clustering of samples based on the input treatment (organic vs. synthetic), 

there is little evidence provided from this analysis to support the hypothesis that the use 

of chemical pesticides and fertilizers is detrimental to the microbial activity of soil 

organisms.  This does not preclude the possibility that these synthetic inputs may 

change the microbial community structure and diversity of agricultural soils.  This 

analysis indicates that tillage management decisions are relatively more influential in 

affecting gross measurements of soil microbial activity than are pest-management and 

fertilizer input decisions.  

In this study we demonstrate that microporosity and aggregate stability have 

similar positive effects on biomass and biological activity of soil organisms using our 

experimental design, biological soil parameters, and ordination techniques.  We suggest 

that there is a direct positive relationship between aggregate stability and microporosity.  
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Micropores are thought to form within microaggregates, and microaggregates are 

formed within macroaggregates (Tisdall and Oades, 1982; Oades, 1984).  After 

cultivation, macroaggregates disintegrate into free microaggregates or much smaller 

macroaggregates (Elliott, 1986), such that the pore spaces between the free 

microaggregates or small macroaggregates account for more of the pore volume, thus 

proportionally increasing the macroporosity and decreasing the microporosity.  We can 

consider the microaggregates within macroaggregates to be held very close together, 

so that the space between microaggregates is minimized.  When macroaggregates are 

destroyed, and the microaggregates within the macroaggregates are released, the 

microaggregates are no longer held tightly together.  As the microaggregates are 

released from the biological and chemical binding forces within the macroaggregate, the 

space between them increases, and we perceive that the pore size distribution has 

changed so that there are more large pores relative to the soil in which 

macroaggregates have not been destroyed. 

We conclude that in loamy and sandy loam soils reduced aggregate stability, as 

measured by greater proportions of smaller water-stable aggregates, is directly related 

to enhanced macroporosity, and consequently, reduced microporosity and greater 

microaggregate proportions.  We suggest that the measurement of microporosity may 

serve as an alternative but equivalent way to evaluate aggregate stability.   

 

 

 

 



112 

3.3.8d. Relationships among enzyme activity measurements and physical properties 

 

In this study, we measured the activity of four enzymes using the standard 

method of ρ-nitrophenol measurement resulting from substrate oxidation.  The four 

enzymes selected were acid and alkaline phosphatase, β-glucosaminidase, and β-

glucosidase.  These four enzymes were selected based on the results of previous 

studies, which determined that these enzymes were able to discriminate between 

agricultural management regimes involving tillage systems, pest control chemicals, 

and/or crop rotations (Curci, et al., 1997; Ekenler and Tabatabai, 2002; Kuperman and 

Careiro, 1997).  As previously discussed, enzymes and PLFA profiles were used to 

evaluate the microbial community structure of the treatments and we found a close 

association between the four enzymes tested and the least intensive treatment in our 

study. 

Redundancy analysis of the enzymes data was performed using soil physical 

properties as explanatory variables.  The triplot is seen in Figure 3.12 and the 

corresponding statistical summary of Monte Carlo permutation results is shown in Table 

3.9.  As seen in the triplot, treatment samples are loosely clustered but appear to orient 

themselves as follows: treatments 1 and 2 (plow/synthetic and plow/organic, 

respectively) are distributed in the negative region of the first ordination axis; treatment 

3 (strip-till/synthetic) is found in the quadrant that is positive for both the first and second 

axis; and treatment 4 (strip-till/organic) is oriented in the quadrant that is positive for axis 

1 and negative for axis 2.  As seen in the RDA of biological parameters, bulk density 

and macroporosity are weak predictors of enzyme activity and microporosity and 
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aggregate stability are better predictor parameters according to the Monte Carlo 

permutation (Table 3.9).  Microporosity was a significant environmental parameter 

(P=0.0080), but aggregate stability was not (P=0.1120) in this case.   

Of the four enzymes, we see that alkaline phosphatase is poorly represented in 

this ordination graph, probably indicating that it is not strongly influenced and/or 

predicted by the soil physical properties tested here.  Acid phosphatase and β-

glucosaminidase were strongly correlated with PC1 and the least intensive treatment 

(number 4, strip-till/organic) is clearly oriented in the direction of increasing activity for 

these two enzymes.  This indicates that these enzymes (acid phosphatase and β-

glucosaminidase) are correlated with the soil physical properties microporosity and 

aggregate stability.  Further, we conclude that acid phosphatase and β-glucosaminidase 

are able to discriminate between levels of intensity in agricultural management regimes, 

being greater in those systems maintaining high levels of crop residue on the surface 

and using fewer synthetic pesticides and fertilizers.   

β-Glucosidase is also oriented in the direction of greater microporosity and, to a 

lesser extent, aggregate stability.  However, this enzyme is shown to increase in the 

positive direction of PC2, whereas acid phosphatase and β-glucosaminidase increase in 

the opposite direction along PC2.  The greatest significance of this is seen in the 

distribution of sample scores about the respective Eigen vectors.  β-Glucosidase is most 

strongly associated with treatment 3 (strip-till/synthetic), in comparison with acid 

phosphatase and β-glucosaminidase, which were correlated with treatment 4 (strip-

till/organic).  This may indicate that β-Glucosidase is less sensitive as an indicator of the 
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alternative agricultural practices (namely, strip-tillage and organic inputs) studied here 

compared to acid phosphatase and β-glucosaminidase. 

The Monte Carlo permutation test results indicate that the four physical soil 

properties studied here explained 21% of the cumulative variation in the enzyme activity 

data set.  The best explanatory variable among those tested was microporosity, which 

accounted for 14% of the total 21% variance explanation.   

We suggest that soil microporosity is a significant indicator measurement for 

determining a variety of soil biological properties, including soil enzyme activity, 

microbial biomass, and microbial activity measurements such as respiration and 

mineralization. 

 

3.3.8e. Relationships among nematode feeding groups and PLFA profiles and microbial 

activity 

 

One unique feature provided by the design of this study is the opportunity to 

examine the relationship between nematode trophic feeding groups and their food 

source, microorganisms, using PLFA as a taxonomic microbial community structure 

indicator.  In a general sense, we should expect a positive direct relationship between 

communities of microorganisms and the nematodes which feed upon them, e.g. 

bacteria and bacterial-feeding nematodes.  Beare et al. (1992) found that populations of 

protozoa and bacterivorous nematodes in surface litter were greatest following the peak 

in bacterial numbers; and, likewise, the highest densities of fungivorous nematodes 

came after fungal densities had peaked.  They also found that the densities of protozoa 
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and nematodes did not directly track with populations from the respective feeding 

groups.  Principle components analysis was used as an indirect method for examining 

this relationship.  Using this method, there is no introduced bias from an assumed 

source of variation and, therefore, all variation from the data set is expressed without 

external constraints on the ordination axes.   

The nematode data was transformed due to a high number of zero values in 

some trophic levels and non-normal distribution of nematodes.  Table 3.10 explains the 

normality of the nematode trophic levels, depicted as skewness and kurtosis of data, 

from the two sampling dates and also provides the transformed normality statistics as 

well as the transformation that was used to achieve it.  As seen in the table, a square-

root as well as a natural log transformation was used, depending on the number of zero-

values in the data set.   

Figure 3.13 gives the biplot of spring nematode trophic groups and PLFA profiles.  

Since the PLFA data was only taken from the spring, only spring nematode data is used 

in this analysis.  Bacterial PLFAs and bacterial-feeding nematodes were the greatest 

proportion of both the PLFA profile and the nematode data set regardless of treatment.  

Bacterially-associated PLFAs, including actinomycetes, made up 35-38% of all PLFAs 

extracted.  Of the ten fatty acids selected to represent the samples, bacterially 

associated PLFAs accounted for 48-51% of the total.  Bacterial-feeding nematodes 

made up 62-93% of the total nematode count, depending on the treatment (Overstreet 

et al., 2005).     

The biplot in Figure 3.13 reveals a range of interactions between nematodes, 

PLFAs, and treatments.  The first principle component represents 27.1% of the total 
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dataset variance and the second principle component represents an additional 18% of 

the variance (Table 3.11).  There is a trend in sample distribution such that the most 

intensive treatment (number 1, plow/synthetic) is generally oriented in the positive 

direction of PC1, which segregates it from all other treatments, which are clustered in 

the negative region of PC1.  Treatments 2, 3, and 4 are separated from one another by 

their distribution along the second ordination axis.  Treatment 2, plow/organic is 

clustered near the origin of PC2; treatment 3, strip-till/synthetic, is located in the 

negative region of PC2; and treatment 4, strip-till/organic, is oriented in the positive 

region of PC2.  It is possible that PC2 discriminates the organic treatment, since 

treatments are oriented in a gradient from synthetic inputs (treatment 3) to organic 

inputs with tillage (treatment 2) to organic inputs with strip-till (treatment 4) as one 

moves from the negative to the positive direction along the ordination axis. 

The fatty acids are oriented in different directions on the biplot.  The four bacterial 

PLFAs don�t reveal strong trends among themselves, although all except the 19:0cy 

fatty acids are oriented in the positive direction for both PC1 and PC2.  There are no 

discernable treatment associations between bacterial PLFAs and treatments.  The 

fungal fatty acids are oriented in the same quadrant of the biplot in which treatments 2 

and 4, the organic treatments, are distributed.  As seen in other ordination analyses, the 

two non-specific fatty acids, 18:0 and 16:0, are correlated with the most intensive tillage 

and input treatment (plow/synthetic, treatment 1).   

Nematodes are all oriented in the negative region of PC1.  Neither the bacterial-

feeding nor the fungal-feeding nematodes are closely associated with their respective 

microbial prey, indicating that treatment effects were not sufficient to explain predator-
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prey interactions at this level and that additional environmental factors may be useful to 

better explain these interactions.    

 

3.3.9. Soil biological activity, pore space, and water-stable aggregates 

 

The results of the ordination analyses in which we included soil physical 

properties as environmental parameters (Figures 3.11 and 3.12) revealed that 

microporosity was the most significant physical property in our model used to explain 

variation occurring within a dataset of a number of biological parameters.  Elliott et al. 

(1980) observed that the feeding activities of micro- and macroinvertebrates in soil are 

related to the habitable pore space available to soil microorganisms.  Our results 

indicated that micropores are better able to support a metabolically active microbial 

biomass relative to macropores.  A hierarchical model of pore categories, which was 

related to soil aggregate structure, was conceived by Elliott and Coleman (1988) to 

predict how soil pore networks influence organisms in the soil detrital food web.  The 

category with the largest pore-size diameter (the macropores) is usually created by 

roots or earthworms, but may also result from cracking and shrink/swell processes in 

clay soils.  These pores are drained at field capacity and may provide pathways for the 

movement of microarthropods.  The next smaller category of pore space is that between 

macroaggregates; water is retained in these pores when the soil is at field capacity and 

nematodes can be accommodated in these pores.  The third category of pores is found 

between microaggregates but within macroaggregates and are large enough to 

accommodate small nematodes and protozoa.  These pores may be the primary sites 
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for fungi inhabitation.  The smallest pore category is that found within microaggregates.  

These may be only 1 µm in diameter and would be inhabited primarily by bacteria.  

These very small pores may serve as areas of refuge for bacteria from their predators, 

because the necks (openings) to such pores are generally too small to allow passage of 

larger organisms.  The protection mechanism provided by the smallest pores may 

explain the positive correlation between soils with increasing microporosity and greater 

microbial biomass and metabolic activities, as seen in the RDA triplot in Figure 3.10.  

This is described in greater detail below. 

As Hattori (1994) points out, soil aggregates are convenient units to study the soil 

microhabitat, because they are easily handled and contain pores of different sizes.  

However, very few studies have examined relationships directly between pore size 

distribution and biological parameters.  The relationship between pore size distribution 

and aggregate stability is not well established either, however microaggregates, which 

are classified as being less than 250 µm in diameter, generally have pores with 

diameters of 0.2 to 6 µm and macroaggregates, which are greater than 250 µm in 

diameter, generally have pores with diameters ranging from 25 to 100 µm (Paul and 

Clark, 1996). 

Another observation from the pore size distribution data is that there was no 

observed increase in macropores in the strip-tilled treatments resulting from the 

relatively much higher earthworm populations found in these treatments (Figure 2.12).  

Future research may examine more levels of pore sizes, rather than just those provided 

by two matric potentials. The greater proportion of large water stable aggregates 

observed in the strip-till/organic treatments may be a direct result of the much greater 
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populations of earthworms found in the strip-till/organic treatment (Pulleman et al., 

2004). 

Aggregate stability was additionally expressed as the geometric mean weight 

distribution of stable aggregates in each treatment.  As seen in Table 3.4, no treatments 

had a significant effect on geometric mean weight diameter at the p=0.05 significance 

level, but the strip-tilled soils displayed a consistently greater value than conventional 

tillage (tillage treatment effect, p-value = 0.0876).  As seen in Figure 3.7, aggregate 

stability was greatest in the strip-till/organic treatment, followed by the strip-till/synthetic 

treatment, plow/organic treatment, and lowest in the plow/synthetic treatment.  These 

results are in agreement with other researchers (Karlen et al., 1994; Paustian et al., 

2000; Six et al., 2000), who found that the increased total C and soil organic matter 

values inherent in conservation tillage practices increase the aggregate stability of those 

soils. 

 

3.4. CONCLUSIONS 

 

3.4.1. Soil C, Soil respiration, and Metabolic Quotients 

 

In both C and N mineralization measurements, the strip-till treatments displayed 

greater values than the plowed treatments.  To examine the causes of this response we 

can look at total C, cover crop biomass, microbial biomass, and the qCO2 ratio.  Total 

soil C and N measurements (reported in Overstreet et al., 2005) were greatest in the 

strip-till treatments for both spring and fall relative to plowed treatments.   
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Cover crop biomass was measured in fall of the same year (2003) which these 

activity measurements were made (reported in Overstreet et al. 2005).  It was found that 

cover crop biomass was significantly greater in the strip-till treatments compared to the 

plowed treatments, as expected.  Thus, we can partially attribute the greater total soil C 

and MBC (relative to the plowed treatments) under strip-tillage to greater cover crop 

biomass.  Other features were influencing the retention of soil C in the strip-till 

treatments as well.  Possibilities for other C conservation mechanisms observed in this 

study are enhanced C-use efficiency, as indicated by a lower qCO2 value for the strip-till 

treatments relative to plowed treatments and reduced accessibility of C held in the 

micropores, which are greater in proportion in the strip-till treatments relative to the 

plowed treatments. 

Microbial biomass C (MBC) was greatest in the strip-till/organic treatment 

compared to all other treatments in both spring and fall samplings.  Tillage and input 

treatments were strongly significant effects in the ANOVA model.   

We conclude that the greater percent total C and microbial biomass C in the 

strip-till/organic treatment is the explanation for the higher respiration rate in this 

treatment.  We speculate that the strip-till treatments display greater total soil C, 

biomass C, and respiration rates relative to tilled treatments due to greater total C inputs 

(as cover crop biomass), better C-use efficiency, and resistance to decomposition due 

to being �hidden� in micropores.  Greater retention of C in less-intensively managed 

plots relative to conventional tillage and inputs has been reported in Tisdall and Oades 

(1982) and Elliott (1986).  The more pronounced results observed in the strip-till/organic 

system for total soil C and N, extractable P, microbial biomass C and N, soil respiration, 
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and N mineralization potential may have been inflated as a result of the additional 

organic inputs to the system in the form of grass clippings from weekly mowing 

practices to maintain weed and cover crop levels.  Sources of C retention in addition to 

those we specifically address here are likely under less intensive soil management 

systems. 

 

3.4.2. Soil N mineralization, Total N, MBN 

 

Total soil N followed the pattern: strip-till/organic > strip-till/synthetic > 

plow/organic > plow/synthetic for both spring and fall sampling dates (data reported in 

Overstreet et al., 2005).  The percent total N increased from spring to fall for all 

treatments.  Microbial biomass N (MBN) was greatest in the strip-till/organic treatment 

for both spring and fall sampling dates (data reported in Overstreet et al., 2005).  

Analysis of variance indicated that tillage and input treatments were significant factors 

(at p < 0.05) for MBN at both sampling dates. 

The pattern for N mineralization was very similar to the results obtained for CO2 

respiration.  We conclude that tillage was the most significant factor for N mineralization 

in this study, yielding greater cumulative N mineralization in strip-till compared to plowed 

treatments.  The source of N, whether from an organic or synthetic source, was of less 

consequence.   
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3.4.3. Soil physical properties 

 

Fertilizer and pest-control inputs (synthetic vs. organic) and rotation (continuous 

stake tomatoes vs. vegetable rotation) did not significantly affect any of the soil physical 

properties measured in this study.  Tillage (conventional moldboard plow vs. strip-

tillage) was a significant factor (p-value < 0.05) affecting bulk density and microporosity 

such that bulk density was reduced and microporosity was increased when strip-tillage 

was implemented relative to conventionally-tilled soils.  Macroporosity was lower in 

strip-tilled soils compared to conventional tillage, although the p-value was not 

statistically significant at the P=0.05 level (P = 0.0642).  Total porosity did not 

significantly differ between the two tillage regimes.  There were more large water-stable 

macroaggregates in the strip-tilled soils, especially in the strip-till/organic treatment 

relative to the plowed treatments.   

 

3.4.4. Relationships among biological and physical soil properties 

 

3.4.4a. among microbial community structure (PLFA and enzyme activity 

measurements) 

 

As anticipated, enzyme activity was a more reliable measurement of agricultural 

intensity, or, alternatively, sustainablility, being positively related to those systems that 

increase organic matter content in soil and utilized organic fertilizer and pest-control 

sources.  PLFA was less discriminatory among agricultural treatments.   
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3.4.4b. among nutrients, microbial biomass, and microbial activity measurements 

 

Principle components analysis of biological parameters was used to examine 

association between treatment effects and biological parameters.  The biological 

parameters analyzed were total soil C and N, extractable P, microbial biomass C and N, 

soil respiration, and potentially mineralizable N.  The result of the ordination procedure 

reveals that treatments responded characteristically and individually, such that 

treatment replications tended to occur together in clusters.  The most extreme treatment 

combinations (strip-till/organic and plow/synthetic) were the most distinctly clustered 

replicates in the biplot ordination diagrams.  This indicates that the extreme agricultural 

system treatments were biologically different from other one another.  Strip-till/organic 

treatment samples were clustered in the region signifying higher values of the eigen 

vectors representing biological parameters.  The pattern of distribution of treatments 

further revealed that the coarser measurements, %TC, %TN, and P, were not as closely 

related to treatment effects (as discerned by sample placement) as were the direct 

measurements of microbial biomass and microbial activity.  This confirms that direct 

microbial measurements are better indicators of agricultural practices which encourage 

greater biological activity than simple measurements of organic matter or nutrient 

content.   
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3.4.4c. among soil microbial biomass and activity and soil physical properties 

 

Redundancy analysis was used to evaluate relationships between biological 

parameters and the soil physical environment.  The biological measurements were 

microbial biomass C and N, soil respiration, and potentially mineralizable N.  The soil 

physical properties used to constrain the ordination were bulk density, macro- and 

microporosity, and aggregate stability.  The two physical properties which proved to be 

statistically significant for predicting biological properties according to the Monte Carlo 

Permutation test were microporosity and aggregate stability with p-values of 0.0020 and 

0.0400, respectively.  Of the total variance in the biological parameter dataset, 

microporosity explained 18% of that variance and aggregate stability explained an 

additional 7%.  Bulk density and macroporosity were not significant explanatory 

variables for biological measurements in this study.  Because there was no discernable 

clustering of samples based on the input treatment (synthetic vs. organic), there is no 

evidence provided from this analysis to indicate that the use of chemical fertilizers and 

pesticides may change the biological activity of agricultural soils.  This does not 

preclude the possibility that these synthetic inputs may change the microbial community 

structure and diversity of agricultural soils.  This analysis indicates that tillage 

management decisions are relatively more important for determining levels of microbial 

activity than are fertilizer and pest-management decisions.   

We suggest, based on the results of our analysis, that there is a direct and 

positive relationship between aggregate stability and microporosity which is governed 

by soil organic matter.  We found that reduced aggregate stability, as measured by a 



125 

greater relative proportion of smaller water-stable aggregates, is directly related to 

greater macroporosity, reduced microporosity, and a greater proportion of stable 

microaggregates.  We conclude that measurement of microporosity may serve as an 

alternative but equivalent way to evaluate aggregate stability in highly-structured soils.   

 

3.4.4d. among enzyme activity measurements and physical properties 

 

Of the four enzymes tested, alkaline phosphatase was the least influenced 

and/or predicted by the soil physical properties tested in this study.  Our RDA triplot 

indicated that acid phosphatase and β-glucosaminidase were correlated with the 

physical properties of microporosity and aggregate stability.  These two enzymes may 

be able to discriminate between different agricultural management systems, being 

greater in those systems which maintain high levels of crop residue on the surface and 

use fewer synthetic pesticides and fertilizers. 

We conclude that soil microporosity is a significant indicator measurement for 

determining a variety of soil biological properties, including soil enzyme activity, 

microbial biomass, and microbial activity such as respiration and mineralization.   

 

3.4.4e. among nematode feeding groups and PLFA profiles and microbial activity 

measurements 

 

The design of this study allowed the opportunity to examine the relationship 

between nematode trophic groups and their food sources.  The proportions of 
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microorganisms were basically in agreement with the different trophic groups of 

nematodes, e.g. the microbial community structure was dominated by bacteria, 

according to mole percentages from the fatty acid profile, and the largest group of 

nematodes was the bacterial-feeding nematodes.  The fatty acids do not display a 

discernable pattern relative to treatment effects, except that fungal fatty acids are 

oriented toward the organic treatments and the two non-specific fatty acids, 18:0 and 

16:0, are correlated with the most intensive tillage and input treatment (plow/synthetic).  

Neither the bacterial-feeding nor the fungal-feeding nematodes are closely associated 

with their respective microbial prey.  This suggests that treatment effects were not 

sufficient to explain predator-prey interactions at this level.   

 

3.5. FUTURE INVESTIGATIONS OF SOIL AGROECOSYSTEM INTERACTIONS  

 

The problem of scale is central to biological studies (Smiles, 1988).  

Furthermore, he concludes, it is not possible to infer quantitative behavior at one scale 

from measurement at another.  While it is not currently possible in most situations to 

take measurements at the scale of the organism, selective macroscale measurements 

must be made with caution and progress in microscale measurement techniques is 

urgently needed.  One of the most significant contributions future researchers can make 

to soil ecosystems research is to further the study of the soil microenvironment by 

developing new methods to investigate the soil habitat directly at the microscopic scale.  

To date, work in this area has been largely based on indirect measurements of the soil 

microenvironment using methods such as wet-sieving dispersed aggregates and 
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calculating water-release properties to estimate pore size distribution.  These methods 

are gross oversimplifications of the soil environment and are not suitable for 

characterizing properties of clay soils, in particular (Hattori, 1994).  Future studies will 

benefit soil ecologists by examining pores and pore connectivity and by developing 

methods to visualize soil organisms as they exist in soil pores.  Currently, there is little 

strong evidence to confirm the locations of bacteria, fungi, and protozoa within soil 

aggregates.  How these organisms interact, how mobile they are, how they feed, and 

how long they reside in soil pores is still largely a mystery.  It is highly likely that the 

predator-prey relationships, parasitisms, and symbioses among bacteria, fungi, and 

protozoans, in particular, are strongly affected by the soil environment. 

The characterization of soil pores, in particular, is an area that requires attention 

in order to progress in our understanding of the soil microenvironment.  One important 

problem related to characterization of soil pores is the lack of standard terminology and 

accepted definitions to relate classification of pores into distinct size ranges (Danielson 

and Sutherland, 1986).  Several suggestions for standard classification schemes have 

been proposed (Cary and Hayden, 1973; Luxmoore, 1981; Bouma, 1981; Bevin, 1981; 

and Skopp, 1981).  Another area for further research regarding soil pores is an 

evaluation of how pore size is distributed among aggregate sizes in soils with varying 

texture, structure, climate, and management. 
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Schematic 3.1.  Conceptual diagram of measurements for microbial characterization of soils.  TOC 
= total organic C; MBC = microbial biomass C; MBN = microbial biomass N; PLFA = phospholipids 
fatty acid analysis. 

 

 

 

 

Cover crop biomass 



136 

 

Table 3.1.  Summary of p-value statistics for C mineralization and Cmic:Corg ratios from spring and fall.  Yellow indicates significance 
level, p<0.05.   

 

 

 

 

 

 

 

 

Treatment or Interaction C Mineralization 
Spring 

C Mineralization 
Fall 

Cmic:Corg 
Spring 

Cmic:Corg 
Fall 

Tillage <0.0001 <0.0001 0.3026 0.1185 

Input 0.0011 0.0070 .0.1456 0.2269 

Tillage*Input 0.0115 0.0475 0.6323 0.8378 

Rotation 0.4203 0.2207 0.4448 0.1441 

Rotation*Tillage 0.0395 0.5168 0.8293 0.7370 

Rotation*Input 0.2208 0.8587 0.3812 0.3664 

Rotation*Tillage*Input 0.1075 0.3809 0.8123 0.4686 
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Figure 3.1. Soil C mineralization in spring and fall, net CO2

- evolution over 28 days.  Error bars indicate standard deviations.
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Figure 3.2.  The ratio of C respired (Cresp) to microbial biomass C (Cmic), also called qCO2, is a measurement of microbial activity.  Measurements 
of microbial activity as qCO2 are shown from the spring and fall sampling dates. Error bars indicate standard deviation. 



139 

 

Cmic:Corg 

0.0000
0.0050

0.0100
0.0150

0.0200
0.0250
0.0300

0.0350
0.0400

0.0450
0.0500

STRIP/ORG STRIP/SYN PLOW/ORG PLOW/SYN

C
m

ic
:C

or
g

SPRING
FALL

 
 
 
 
Figure 3.3.  The ratio of C in microbial biomass (Cmic)  to total organic C (Corg) from the spring and fall sampling dates.  Error bars indicate standard 
deviation. 
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Table 3.2.  Summary of p-value statistics for N mineralization from spring and fall.  Yellow indicates significance level, p<0.05.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 
 
 
 

Treatment or Interaction N Mineralization 
Spring 

N Mineralization 
Fall 

Tillage 0.0002 0.0003 

Input 0.8522 0.0943 

Tillage*Input 0.0420 0.2338 

Rotation 0.2551 0.6086 

Rotation*Tillage 0.1837 0.8848 

Rotation*Input 0.5114 0.8202 

Rotation*Tillage*Input 0.0666 0.7469 
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Figure 3.4. Soil N mineralization in spring and fall, net inorganic N accumulation over 28 days.  Error bars show standard deviations. 
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Figure 3.5. Bulk density of treatment soils.  Error bars indicate standard deviation. 
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Table 3.3.  Summary of p-value statistics for pore-size distribution.  Yellow indicates significance level, p<0.05.   
 
 
 

Treatment or Interaction Bulk Density Macroporosity Microporosity Total Porosity 

Tillage 0.0118 0.0642 0.0002 0.3585 

Input 0.1191 0.6240 0.3007 0.2652 

Tillage*Input 0.8409 0.4842 0.8489 0.3759 

Rotation 0.6899 0.7674 0.2796 0.2640 

Rotation*Tillage 0.8216 0.4356 0.2524 0.5704 

Rotation*Input 0.7308 0.3821 0.9170 0.6225 

Rotation*Tillage*Input 0.6954 0.4365 0.1343 0.3524 
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Pore Size Distribution
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Figure 3.6. Pore size distributions of soils from different agricultural management systems.  Error bars give standard deviations.   
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Figure 3.7.  Percent water stable aggregates in six size classes.  Treatments are abbreviated as strip-till/organic (STRIP/ORG), strip-till/synthetic 
(STRIP/SYN), plow/organic (PLOW/ORGANIC), and plow/synthetic (PLOW/SYNTHETIC).  Error bars represent standard deviation.   
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Table 3.4.  Summary of p-value statistics for aggregate stability, presented as geometric mean weight diameter (GMWD).  Yellow 
indicates significance level, p<0.05.  Pink indicates marginal significance, p=0.05-0.10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Treatment or Interaction GMWD 

Tillage 0.0876 

Input 0.2560 

Tillage*Input 0.3468 

Rotation 0.7975 

Rotation*Tillage 0.8511 

Rotation*Input 0.1000 

Rotation*Tillage*Input 0.4489 
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Figure 3.8. Geometric mean weight diameter (GMWD) of soils from different agricultural management systems.  Error bars give standard 
deviations.   
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Figure 3.9. Biplot produced from principle components analysis (PCA) of phospholipid fatty acid 
(PLFA), enzyme activities (four enzymes; β-Glucosaminidase, β-Glucosidase, and acid and 
alkaline phosphatase) and treatments (n=8, 7 for treatment 1).  The fatty acids are labeled with 
their scientific names indicating chain length and degree of saturation next to the arrows.  Navy 
arrows indicate PLFAs and red arrows indicated enzymes.  Horizontal axis is principle component 
one and vertical axis is principle component two.  For samples (colored symbols), the yellow 
circles (treatment number 1) indicate the plow/synthetic treatment; pink squares (treatment 
number 2) indicate plow/organic treatments; green diamonds (treatment number 3) indicate strip-
till/ synthetic treatments; and aqua stars (treatment number 4) indicate strip-till/organic 
treatments.  The letter R after a treatment number indicates the rotational subplot treatment and 
the letter C after a treatment number indicates the continuous stake tomato subplot treatment.  
One sample from treatment 1 was deleted because it was an outlier. 
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Table 3.5.  Summary of principle components analysis for PLFA and enzyme data, Figure 3.6. 
 

Principle Component Eigen Value % of Total Variance Explained 
1 0.356 35.6 
2 0.198 55.4 
3 0.106 65.9 
4 0.082 74.2 
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Figure 3.10. Biplot produced from principle components analysis (PCA) of total C (TC), total N 
(TN), Mehlich-3 extractable P (P), microbial biomass C (MBC), microbial biomass N (MBN), 
potentially mineralizable C (PMC), and potentially mineralizable N (PMN) and treatments (n=8).  
Horizontal axis is principle component one and vertical axis is principle component two.  For 
samples (colored symbols), the yellow circles (treatment number 1) indicate the plow/synthetic 
treatment; pink squares (treatment number 2) indicate plow/organic treatments; green diamonds 
(treatment number 3) indicate strip-till/ synthetic treatments; and aqua stars (treatment number 4) 
indicate strip-till/organic treatments.  The letter R after a treatment number indicates the rotational 
subplot treatment and the letter C after a treatment number indicates the continuous stake tomato 
subplot treatment.  The biological parameters (arrows) are labeled with their respective 
measurement.  The letters S and F following arrow labels indicate measurements taken from 
spring and fall, respectively.  The arrows are color coded as follows: blue (TC), bright green (TN), 
red (P), navy (MBC), dark green (MBN), grey (activity measurements, PMC and PMN).   
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Table 3.6.  Summary of principle components analysis for total C, total N, microbial biomass C, 
microbial biomass N, potentially mineralizable C, and potentially mineralizable N, Figure 3.7. 
 
 

Principle Component Eigen Value % of Total Variance Explained 
1 0.367 36.7 
2 0.304 67.1 
3 0.108 77.9 
4 0.063 84.3 
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Figure 3.11. Triplot produced from redundancy analysis (RDA) of biological parameters: microbial 
biomass C (MBC), microbial biomass N (MBN), soil respiration (RESP), and potentially 
mineralizable N (PMN).  Environmental variables which constrained the ordination of the 
biological parameters were soil physical properties: bulk density (Bulk den), macroporosity 
(Macropor), microporosity (Micropor), and aggregate stability (Agg Stab).  Navy arrows indicate 
biological parameters and red arrows indicate soil physical property measurements.  Horizontal 
axis is principle component one and vertical axis is principle component two.  For samples 
(colored symbols), yellow (treatment number 1) indicates the plow/synthetic treatment; pink 
(treatment number 2) indicates plow/organic treatments; green (treatment number 3) indicates 
strip-till/ synthetic treatments; and aqua (treatment number 4) indicates strip-till/organic 
treatments.  The letter R after a treatment number indicates the rotational subplot treatment and 
the letter C after a treatment number indicates the continuous stake tomato subplot treatment.  
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Table 3.7.  Summary of results from the Monte Carlo permutation, ranking soil physical properties 
in order of their importance in explaining variance within the biological parameters dataset.  P-
values are provided from automatic forward selection using the Monte Carlo Permutation, Figure 
3.11. 
 
 

Physical Property P Value % of Total Variance Explained 
Microporosity 0.0020 17 

Aggregate Stability 0.0120 23 
Bulk Density 0.5320 24 

Macroporosity 0.4580 25 
 
 
 
 
 
 
Table 3.8.  Summary of redundancy analysis ordination using soil physical properties to constrain 
ordination of biological properties, Figure 3.11.  
 
 

Principle Component Eigen Value 
% of Total Biological 
Properties Variance 

Explained 

% of Total Variance 
in Biological-

Physical Properties 
Relationship 

Explained 
1 0.224 22.9 91.1 
2 0.017 24.7 98.1 
3 0.004 25.1 99.8 
4 0.000 25.2 100.0 
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Figure 3.12. Triplot produced from redundancy analysis (RDA) of enzyme activity measurements 
(navy arrows).  Enzymes analyzed were alkaline phosphatase (�Alkaline�), acid phosphatase (�Acid 
Pho�), β-glucosidase (�B-Gcosid�), and β-glucosaminidase (�B-Gamini�).  Environmental variables 
(red arrows), which constrained the ordination of the enzyme data, were soil physical properties: 
bulk density (Bulk den), macroporosity (Macropor), microporosity (Micropor), and aggregate 
stability (Agg Stab).  Horizontal axis is principle component one and vertical axis is principle 
component two.  For samples (colored symbols), the yellow circles (treatment number 1) indicate 
the plow/synthetic treatment; pink squares (treatment number 2) indicate plow/organic 
treatments; green diamonds (treatment number 3) indicate strip-till/ synthetic treatments; and 
aqua stars (treatment number 4) indicate strip-till/organic treatments.  The letter R after a 
treatment number indicates the rotational subplot treatment and the letter C after a treatment 
number indicates the continuous stake tomato subplot treatment.  The rotational split plot 
treatments, showing no statistical differences, were absorbed into main plot treatments, and thus 
are not considered in the ordination analysis.  Treatment blocks were treated as covariables. 
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Table 3.9.  Summary of results from the Monte Carlo permutation, ranking soil physical properties 
in order of their importance in explaining variance within the enzyme activity dataset.  P-values 
are provided from automatic forward selection using the Monte Carlo Permutation.  Covariable 
variance determined by residual variance remaining after sum of all canonical eigen values is 
subtracted from cumulative variance of species data, Figure 3.12. 
 
 

Physical Property P Value % of Total Variance Explained 
Microporosity 0.0080 14 

Aggregate Stability 0.1120 5 
Bulk Density 0.5740 1 

Macroporosity 0.5220 1 
Covariables (date and block) na 6.3 
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Table 3.10. Normality of nematode data before and after transformation, Figure 3.13.  Units were nemas (500 cc soil)-1.  Data sets with 
many zeros were natural log transformed and others were square root transformed.  Transformed data was applied to ordination 
analyses. 
 

PARAMETER SKEWNESS KURTOSIS SKEWNESS KURTOSIS TRANSFORMATION 

  raw data raw data after transform. after transform. type 

BAC-FEEDING NEMAS SRING 1.13 1.87 0.49 0.35 SQRT 

FUNG-FEEDING NEMAS SPRING 0.83 0.86 -0.44 -0.32 SQRT 

OMNIVOR. NEMAS SPRING 1.15 0.31 0.18 -0.50 SQRT 

PREDACEOUS NEMAS SPRING 1.98 3.95 0.28 -2.02 LN (VALUE+0.001) 

ROOT KNOT NEMAS SPRING 5.64 31.89 1.81 1.67 LN (VALUE+0.001) 

BAC-FEEDING NEMAS FALL 0.69 -0.17 -0.04 -0.97 SQRT 

FUNG-FEEDING NEMAS FALL 3.88 17.32 1.69 0.94 LN (VALUE+0.001) 

OMNIVOR. NEMAS FALL 1.97 5.15 0.58 0.52 SQRT 

PREDACEOUS NEMAS FALL 2.76 8.00 -0.95 -1.06 LN (VALUE+0.001) 

ROOT KNOT NEMAS FALL 2.40 6.22 1.69 0.93 LN (VALUE+0.001) 
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Figure 3.13. Biplot produced from 
principle components analysis (PCA) of 
nematode measurements from the 
spring 2004 and phospholipid fatty 
acids, from the spring 2003.  Nematode 
data was transformed as indicated in 
Table 3.10.  Horizontal axis is principle 
component one and vertical axis is 
principle component two.  Bacterial 
fatty acids are indicated with navy 
arrows, fungal fatty acids with green 
arrows, actinomycetes fatty acids with 
pink arrows, and nonspecific fatty acids 
with gray arrows.  All nematode 
measurements are indicated with red 
arrows.  For samples (colored symbols), 
the yellow circles (treatment number 1) 
indicate the plow/synthetic treatment; 
pink squares (treatment number 2) 
indicate plow/organic treatments; green 
diamonds (treatment number 3) indicate 
strip-till/ synthetic treatments; and aqua 
stars (treatment number 4) indicate 
strip-till/organic treatments.  The letter 
R after a treatment number indicates the 
rotational subplot treatment and the 
letter C after a treatment number 
indicates the continuous stake tomato 
subplot treatment.  The rotational split 
plot treatments, showing no statistical 
differences, were absorbed into main 
plot treatments, and thus are not 

id d i th di ti l i
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Table 3.11.  Summary of principle components analysis for spring nematode data (transformed) and phospholipid fatty acid profiles, 
Figure 3.13. 
 
 

Principle Component Eigen Value % of Total Variance Explained 
1 0.262 27.1 
2 0.174 45.1 
3 0.101 55.6 
4 0.087 64.6 
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Chapter 4: Effects of strip-tillage and organic inputs on soil physical 

and microbial properties across a spatial gradient from in-row to 

inter-row 

 

4.1. INTRODUCTION           

 

Conservation tillage is broadly defined as any tillage practice that maintains 

residue cover on at least 30% of the soil surface area (Conservation Tillage Information 

Center, 1988).  Strip-tillage is a conservation tillage practice that isolates soil tillage to a 

narrow band, generally 15-45 cm in width, using a specialized tractor implement.  Strip-

tillage incorporates the environmental and crop growth benefits of no-till with the 

improved root environment associated with tillage practices. Strip-tillage also provides 

unique soil physical properties compared to conventional or no-tillage practices because 

the soil matrix undergoes an intermediate level of disturbance relative to these two 

extreme practices (Hill, 1990; Vyn and Raimbault, 1993).   

Positive effects of strip-tillage related to plant growth include factors associated 

with improved seed bed and rooting environment, decreased surface bulk density, 

increased moisture content between the rows, soil resistance to negative effects of 

heavy equipment traffic, and increased yields relative to conventional tillage (Raper et 

al., 1994).  Potential crop benefits related to soil fertility have also been reported and 

include a more readily mineralizable pool of N and more plant-available P compared to 

conventional tillage (Kingery et al., 1996).  Al-Kaisi and Hanna (2002) report that strip-

tillage can improve the seedbed environment in poorly-drained soils due to increases in 
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soil moisture evaporation and increased soil temperature in-row compared to no-till 

practices. 

Other agricultural management practices that have become widely adopted for a 

variety of reasons are organic production systems and crop rotations.  The market for 

organic produce has seen tremendous growth in the past 15 years.  Since 1990, annual 

growth of organic products has equaled or exceeded 20 percent in retail sales nationally 

and U.S. certified organic cropland doubled between 1992 and 1997 to 1.3 million acres 

(Dimitri and Greene, 2002).  Interest in rotational cropping has also grown in recent 

years.  In 1997, 82% of the 196 million acres of total U.S. cropland was in some kind of 

a rotation system (Padgitt et al., 2000).  Interest in crop rotations is particularly high for 

vegetable and alternative crops in the southeast United States as tobacco has become 

a less economically reliable commodity.  Alternative crop management systems offer 

many advantages to growers and often command a higher price than conventionally-

grown crops, especially in the vegetable market.  Although it is doubtful that these 

alternative systems will altogether replace conventional methods of vegetable 

production in the foreseeable future, there is certainly the potential for these systems to 

become an accepted and integrated part of the conventional vegetable production 

system in the southeast United States. 

The soil biological community is responsible for many critical crop growth 

processes including nutrient cycling, soil structure change, and organic matter 

accumulation/degradation.  Therefore, it is important to monitor and assess biological 

differences between conventional cropping systems and these less-intensive systems 

(i.e. strip-tillage, organic inputs, and crop rotations).  The biological consequences of 
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these alternative management systems have not been studied on a long-term scale in 

vegetable cropping systems (Hummel et al., 2002).   

The extent to which strip-tillage, organic inputs, and crop rotation affect other 

areas of the field (e.g. the inter-row area between strips) is also unknown.  It has been 

demonstrated that soil biological community composition and biomass varies widely 

from the rhizosphere to the bulk soil, resulting in significant differences in microbial 

activity and processes related to soil function, which include soil C sequestration, N 

dynamics, plant nutrient availability, and litter decomposition (Söderberg and Bååth, 

2004).  More specific differences in the soil biological activity and composition between 

a large area of even plant coverage (i.e. inter-rows) and a relatively smaller area of 

select vegetation (i.e. in-row areas), as seen in strip-tillage systems, is not known.  

Measurements made for agroecological investigations in conservation tillage studies 

have been mainly limited to the crop row or crop root zone area.  However, since the 

virtues researchers often extol regarding the advantages of conservation tillage revolve 

around the fact that reduced tillage systems leave cover crops or previous crop residues 

on the soil surface, it is of some importance to characterize the ecosystem of the entire 

field, including the inter-row areas which are frequently cited as the source of 

environmental and crop-related benefits (e.g. increased C retention, moisture holding 

capacity, nutrient cycling).  It is our impression that previous researchers have treated 

the inter-row areas of reduced tillage fields as similar to a non-cropped ecosystem, such 

as a turf grass or pasture system.  In the case of strip-tillage, most studies have 

considered this system as a sort of hybrid between a conventional tillage system (within 

the strip) and a no-till or turf system (the inter-row).  We hypothesize, however, that 
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there may be a radius of influence extending from the perimeter of the strip, causing an 

ever-decreasing gradient of biophysical effect into the inter-row region.      

The objective of this study was to examine the spatial gradient of biological, 

physical, and chemical properties in strip-tillage systems encompassing the region 

spanning from within the crop row (strip) to mid-way between crop rows (inter-row).  We 

measured soil respiration during a 24-day incubation period, N mineralization over a 28-

day period, total C and N, microbial biomass C and N, and soil bulk density.   

 

4.2. MATERIALS AND METHODS       

 

4.2.1. Field preparation and history   

 

This field was established in the fall of 1994 and had been in production for ten 

years when this study was initiated.  Based on measurable and visible differences in soil 

physical properties, crop yield differences, and weed community structure among 

treatments, it is believed by the authors that this was sufficient time to allow the 

biological communities to approach a steady state condition within each treatment.  

Samples were taken July 12-13, 2004.  Samples were taken later in the growing season 

to allow the initial effects of tillage, namely N mineralization and organic matter 

oxidation, to subside and allow soil to settle over the growing season in order to obtain 

representative measurements of parameters.  The field site is located at the Mountain 

Horticultural Crops Research Station in Fletcher, N.C.  The soil type of the field is a 

Delanco fine-sandy loam (fine-loamy, mixed, mesic, Aquic Hapludult) with 2-7% slopes.  
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The land is gently sloped, moderately well-drained and formed on old alluvial deposits.  

The site is situated on an old stream terrace subject to infrequent flooding.   

A randomized complete split-plot design was employed where agricultural input 

(conventional chemical fertilizer and pesticide inputs vs. organic inputs) was the whole 

plot treatment and vegetable rotation vs. continuous tomatoes (Solanum lycopersicum)   

was the split-plot treatment.  Schematic 3.1 (Chapter 1) summarizes the crop rotation 

schedule and cover crops history over the course of the 11-year study.   The three-year 

vegetable rotation split-plot treatment (see Schematic 3.1, Chapter 1) consisted of 

sweet corn (Zea Mays)/fall cabbage (Brassica oleracea), cucumber (Cucumis sativus 

)/fall cabbage, and tomatoes for years 1-6 (two full 3-year rotations) and peppers 

(Capsicum annum); yellow squash (Cucurbita spp.)/ fall broccoli (Brassica oleracea); 

and staked tomatoes for years six through nine, respectively.  The continuous tomato 

treatment was planted in staked fresh market tomatoes every year (same variety as 

year three in rotation treatment).  All production treatments were trickle irrigated.  There 

were eight plots consisting of two treatments and four replicates.  Each plot measured 

12.2 by 24.4 m (0.03 hectares).  There was an area of at least 12.2 m separation 

between plots to minimize fertilizer and pesticide drift and pest and pathogen migration 

between plots.   

The year that this study was conducted (year 10, Schematic 2.1) the rotation 

treatment was planted with peppers.  Tomatoes and peppers were planted 46 cm apart 

in the row, tomatoes in single rows and peppers in double rows, and all were planted 

with 1.5 m between rows.   
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The cover crop planted in all treatments was a combination of wheat and crimson 

clover (Trifolium incarnatum).  History of previous cover crops is given in Schematic 3.1 

(Chapter 1).  Biomass was measured in the fall using quarter meter square frames to 

cut all biomass in the given area, which was then dried and weighed.  The conservation 

tillage treatments (both organic and synthetic) were strip-tilled with a Bush Hog RoTill 

(producing 30 to 45 cm wide strips) and transplants were planted by hand.  Seeded 

crops were planted with a John Deere MaxEmerge no-till planter.  Crops were seeded 

or transplanted during the second or third week in May.  

The Bush Hog RoTill implement has a less aggressive ripper and operates at 

lower horsepower compared to conventional moldboard plowing.  This system uses a 

subsoil shank which rips directly under the row, within the root zone.  By lifting the soil 

up and dropping it, it loosens compaction without inverting the soil or disrupting 

structure to the same extent as moldboard plowing.   It is also less disruptive to soil 

structure than other implements commonly used for strip tillage, generically referred to 

as roto-tillers.   

Fertilizers were applied on the same date for all treatments and occurred during 

the third week in May.  In the synthetic fertilizer and pesticide treatment (�Synthetic�), N 

was applied as NH4NO3 (168 kg N/ha).  Nitrogen was applied as a band in the strip-till 

row.  Soil test recommended P and K was surface broadcast over the entire plot each 

fall when the winter cover crop was planted.  In the synthetic treatments, P was applied 

as triple super phosphate (0-46-0) and K was applied as KCl (0-0-6).   Disease and 

insect control in the synthetic treatments was applied as needed, with materials 

recommended from the NC Ag Chemical Manual. 
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In the organic treatments N, P, and K fertilizers were applied as follows: soybean 

(Glycine max) meal at 168 kg N/ha (assuming 100% availability during the growing 

season) was surface applied in the row before planting.  Rock phosphate (0-30-0 

assuming 3% solubility) and SoPoMag (0-0-22) were surface broadcast at winter cover 

crop planting as recommended by soil test reports.  Disease and insects were controlled 

with materials approved for organic production and weeds were controlled by mowing 

and hoeing.   

Organic treatment plots were mowed continuously throughout the summer to 

reduce weed competition around the borders and between rows.  This should be 

considered as an additional labile source of nutrients for plants and soil organisms that 

the synthetic treatment did not receive. 

 

4.2.2. Soil Sampling and Analyses 

 

Soil samples were collected on July 12-14, 2004.  Bulk density was determined 

by taking an Uhland core sample from each of the three field locations (in the strip, edge 

of strip, interrow) in each subplot (rotation treatment).  Uhland cores were stored at 

room temperature until bulk density was determined.  Soil samples were collected in 

plastic bags using a 6-cm diameter push probe to a depth of 15 cm from respective field 

locations by taking four cores from representative areas of each location and 

compositing the cores.  Samples were gently sieved through a 6-mm screen and stored 

at 4° C until respiration, mineralization, and biomass studies were initiated.  All activity 

measurements were initiated within 10 days after soils were sampled.   
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Total soil C and N was analyzed by combustion of whole soil that has been oven 

dried and ground to pass through a 1-mm sieve using the Perkin-Elmer PE 2400 CHN 

Elemental Analyzer.  Plant-extractable soil P was determined using a Mehlich-3 solution 

extraction of soil samples.  Mehlich-3 extractant is 0.2N CH3COOH + 0.25N NH4NO3 + 

0.015N NH4F + 0.013N HNO3 + 0.001M EDTA.  A 1:10 soil:extractant ratio (volume 

basis) was used to extract plant-available soil P by shaking soil/extractant solution for 

five minutes at 200 revs/minute at room temperature followed by filtration through no. 42 

or similar grade filter paper.  Filtrate is analyzed for P by ICP. 

The microbial biomass analyses (MBC and MBN) provide a means to examine 

total microbial biomass values and to compare them among treatments.  This analysis 

was conducted by the chloroform fumigation and extraction technique (Hu et al., 1997; 

Vance et al., 1987) employing a KcC-factor [microbial C-extraction efficiency] of 0.33 

after Sparling and West (1988).  The MBN procedure was conducted using the alkaline 

persulfate oxidation digestion method of Cabrera and Beare (1993) with a KcN-factor  

[microbial N-extraction efficiency] of 0.54 as per Brookes et al. (1985).  Microbial 

biomass C to N ratio was also calculated and used as an indicator of microbial 

composition (Hu et al., 2001).  All values were calculated by subtracting a non-

fumigated control value from the fumigated measurements. 

Microbial activity was assessed using soil CO2 respiration and potentially 

mineralizable N analyses.  Soil respiration (mineralizable C) was measured using the 

NaOH base trap technique over 24 days.  Ten mL of 0.2 M NaOH were added to each 

base trap and lids were carefully closed to begin the incubation study.  Traps were 

collected and titrated on day 24 with 0.1 M HCl.  The mechanism for the CO2 base trap 



167 

method and the design of the base trap was previously described in chapter 2 on page 

90.  Moisture content was calculated at the beginning of the experiment and all 

measurements were calculated on an oven-dry soil mass basis. 

Potentially mineralizable N was evaluated by measuring N concentration in 

unamended soils over the course of 28 days.  Air-tight Mason jars were used and 

approximately 10.5 grams (fresh weight) of soil were weighed into a scintillation vial and 

placed in the air-tight jars.  Ten mL of deionized water were added to the bottom of the 

air-tight jar to maintain relatively high humidity and initial moisture content of soil.  On 

the extraction date, the vial was removed from the air-tight jar and the soil was extracted 

and re-weighed into plastic snap-top vials.  A 0.5M K2SO4 solution was used to extract 

the potentially mineralizable N from the soil by shaking on a rotary oscillator for 30 

minutes.  Samples were filtered and frozen until they were analyzed for nitrate and 

ammonium concentrations using a N analyzer fitted with a cadmium-copper reduction 

column (Lachat N Analyzer; Lachat Instruments, Milwaukee, WI).  Temperatures were 

recorded daily for both the respiration and mineralization studies and corrections were 

made to assure that broad fluctuations in temperature did not occur.  Temperatures 

ranged from 24° to 30° C during the course of these experiments. 

 

4.2.3. Data Analyses 

 

Analysis of variance was conducted to examine relationships between individual 

biological measurements and respective treatments using SAS software (SAS systems, 

Cary, NC).  Biological activity measurements were analyzed by principle components 
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analysis (PCA) using CANOCO software version 4.5 (Microcomputer Power, Inc., 

Ithaca, NY) and SAS software.  Data was standardized by dividing measured biological 

and physical values by the standard deviation.   

 

4.3. RESULTS 

 

4.3.1. Soil Bulk Density 

 

Soil bulk density was significantly greater in the inter-row position compared to 

the in-row (Table 4.1 and Figure 4.1).  Bulk density did not display an input treatment 

effect but was affected by rotation treatment, being generally greater in the rotation 

treatment.  Although the rotation effect is significant (P=0.0159), the differences 

observed between density values in the rotation versus the continuous stake tomatoes 

treatments are small (Figure 4.1) and can probably be attributed to the additional tractor 

traffic that occurs during double-crop years (includes a spring and fall crop) in the 

rotation treatment schedule.  Additional traffic in the inter-rows of strip-tillage rotation 

plots results from the additional fall plantings in these treatments using a single-row no-

till transplanter for cabbage and broccoli and a double-row no-till seeder used for corn.  

It should be noted here that traffic was controlled in the inter-row areas and samples for 

bulk density were taken from the most highly trafficked portion of the inter-row as a 

contrast to the literature which sites conservation tillage as a means of reducing bulk 

density.   
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4.3.2. Soil Moisture Content 

 

Gravimetric soil moisture content was measured on the day that soil samples 

were sieved, within one day of being collected from the field.  There were no significant 

moisture differences among treatments (Table 4.1 and Fig. 4.2).  Removal of residue 

from the in-row location in strip-tillage has been previously observed to reduce soil 

moisture in the strip, while conserving inter-row soil moisture (Licht and Al-Kaisi, 2005).  

Input and rotation did not affect the moisture content of the soil at different field 

locations in this study. 

 

4.3.3. Total Soil C and N Content 

 

No simple treatment effects were sufficient to explain variation among total soil C 

and total soil N values.  Significant interaction factors, however, were determined for 

both total C and total N measurements.  The location-by-input interaction and the 

location-by-rotation interaction were strongly significant variables in both the total C and 

total N ANOVA models (Table 4.1).  There appeared to be little difference among soil C 

levels in the in-row and edge positions, but the inter-row location displayed greater C 

values in the organic compared to the synthetic treatment, and in the continuous 

compared to the rotation treatment (Fig. 4.3).  Table 4.1 and Fig. 4.4 demonstrate that 

there were no significant differences in total soil N between the in-row, edge, and inter-

row locations.  Similar to results from total C data, the inter-row yielded greater N 
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content in soils in the organic compared to the synthetic treatments and in the 

continuous tomatoes treatment relative to the vegetable rotation treatments.   

 

4.3.4. Soil Respiration 

 

Soil respiration was significantly different (P=0.0359) among row positions (Table 

4.1), being greatest in the inter-row and least in the in-row location (Figure 4.5).  Since 

rotation was not a significant treatment factor, it was dropped from the model and 

averaged over the main plot treatments.  The input treatment was significant at the 

P=0.1 level (P=0.0894).  Figure 4.5 reveals that respiration was greatest in the organic 

treatments for all row positions, but the magnitude of the difference between respiration 

values in the organic and synthetic input treatments decreased from the in-row to the 

inter-row locations.  In the inter-row location, there was essentially no difference in 

respiration between the organic and synthetic treatments.   

We suggest that the reduction in respiration observed in the synthetic input 

treatment compared to the organic treatment is the result of the soybean meal (2439 kg 

ha-1 applied at 46% C content) applied in the organic treatments.  The soybean meal 

decomposition would result in higher levels of microbial respiration in the in-row position 

relative to the inorganic fertilizer sources applied to the synthetic treatments.  This effect 

is evident in Figure 4.5.  This conclusion is further supported by the lack of difference 

between respiration measurements for the organic and synthetic treatments in the inter-

row location, which did not receive soybean meal.   
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Because pest-control chemicals were applied in the synthetic treatment with a 

tractor boom that sprays the inter-row area as well as the in-row area, if there had been 

a treatment effect due to pesticide application, we would expect to see the influence of 

these chemicals in both the in-row and inter-row regions.  Because there is no 

difference in soil respiration between organic and synthetic inputs in the inter-row 

location, we conclude that the pest control chemicals used in this study had minimal 

influence on soil respiration.     

 

4.3.5. Soil N Mineralization 

 

No significant treatment effects (P=0.05) were determined for N mineralization 

based on a 28-day incubation and extraction with 0.5M K2SO4 (Table 4.1).  In Fig. 4.6 

the rotation treatment was averaged over input treatments since there were no 

statistically significant rotation effects or interactions.  As seen in the figure, values do 

not vary between the in-row and inter-row locations. 

 

4.3.6. Soil Microbial Biomass C and N 

 

Location was a strongly significant treatment effect for the measurement of 

microbial biomass C and N (Table 4.1).  No other treatment effects were significant for 

MBC.  The rotation subplot treatment was averaged over the main plot treatment in 

Figure 4.7.  The greatest microbial biomass C was observed in the inter-row locations, 

followed by the edge, and lowest values were observed in the in-row location.  The 
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MBC values show more discernable differences between locations relative to other 

measurements made in this study.  Input was not a significant factor (P=0.1367), but 

biomass C measurements were consistently greater in and near the organic treatment 

strips (in-row and edge locations) relative to the synthetic treatments.  The difference in 

the measured values decreased moving from the in-row location to the inter-row.  This 

signifies a more suitable microbial environment in the in-row position compared to the 

inter-row.    

Rotation and the input-rotation interaction were significant treatment effects for 

MBN, in addition to the location effect previously mentioned (Table 4.1).  In the in-row 

location, organic inputs produced greater MBN values than synthetic inputs and crop 

rotations produced greater MBN than the continuous tomato treatments (Fig. 4.8).  At 

the edge of the strip, treatment values for MBN were similar, with the exception of the 

synthetic/rotation treatment, which was about 25% less than other treatment values.  In 

the inter-row, the continuous tomato treatment yielded greater MBN than the vegetable 

rotation treatment, and the synthetic/rotation treatment was again lower than other 

treatment values. 

 

4.3.7. Relationships among Locations and Activity Measurements 

 

Principle components analysis was used to examine multivariate relationships 

between treatment effects, field locations, and all soil parameters.  This analysis 

included measurements of percent moisture content at time of soil sampling, total C, 

total N, potentially mineralizable N, soil respiration, microbial biomass C, and microbial 
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biomass N.  Because most measurements did not demonstrate an effect due to rotation 

treatment, this treatment was not incorporated into the ordination process for 

determining site scores, although the samples are labeled with the rotation treatment on 

the biplot.  The biplot demonstrating the first two principle component axes is given in 

Figure 3.9.  The first principle component axis accounted for 45.7% of the cumulative 

variance in the measurements dataset.  The second axis accounted for an additional 

24.2% of the cumulative variance for a combined explanation of 69.9% of the total 

dataset variance in the first two principle component axes.  

 As seen in the biplot, the in-row locations, indicated by green symbols, are 

oriented in the negative direction of principle component 1 (PC1).  The inter-row 

samples, identified by aqua-colored symbols, are most heavily distributed in the positive 

direction of PC1.  The edge-of-row samples, indicated by pink symbols, are distributed 

relatively in the middle of the other two locations, being oriented about the origin of PC1.  

The eigen vectors for each measurement are oriented in the direction of increasing 

values for that measurement and the length of the eigenvector is proportional to the 

contribution that the measurement makes to correlation matrix explained by the two 

principle components.  In the biplot, all measurements are increasing in the positive 

direction of PC1.  The coarser measurements of biological activity (i.e. moisture content, 

total C, and total N) are increasing in the positive direction of principle component 2 

(PC2) and the more direct measurements of biological activity [i.e. potentially 

mineralizable N (PMN), respiration, microbial biomass C (MBC), and microbial biomass 

N (MBN)] are oriented in the negative direction of PC2.  Bulk density (BD) is the only 

physical parameter measured in this study, and it is also oriented in the negative 
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direction of PC2.  By examining the distribution of samples, we can recognize trends 

and treatment responses.  The inter-row treatments, which have already been identified 

as the most biologically active from individual analysis of variance, are oriented in the 

direction of increasing values for PMN, RESP, MBC, MBN, and BD.  This descriptive 

statistical procedure illustrates that the inter-row location displayed the greatest values 

for biological measurements relative to the in-row and edge-of-row locations.   

 

4.4. CONCLUSIONS 

 

Bulk density was significantly greater in the inter-row compared to the in-row 

location, as expected.  The significant rotation treatment effect on bulk density is 

probably the result of increased tractor traffic in the rotation treatments relative to the 

continuous treatments.  There were no statistically significant differences in soil 

moisture among treatments, although average moisture content was about 1.5% lower 

in the in-row relative to the edge and inter-row locations.  The inter-row location 

displayed greater total soil C and N values in the organic compared to the synthetic 

treatment, and in the continuous tomatoes compared to the vegetable rotation 

treatment.  Soil respiration was significantly different among locations, and was greatest 

in the inter-row and lowest in the in-row locations.  Respiration was greatest for organic 

compared to synthetic treatments, but the magnitude of difference between inputs 

diminished from the in-row to the inter-row location.  No differences were observed for 

soil N mineralization during the 28-day incubation study.  The greatest MBC and MBN 

were observed in the inter-row and the lowest values were observed in the in-row 
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locations.  Location was the only significant treatment effect for MBC, but MBN was 

affected by location as well as rotation.  MBN also demonstrated an input-by-rotation 

interaction.  Principle components analysis was used to encapsulate the results already 

expressed by individual measurements of soil biological and physical parameters.  

Essentially, principle components analysis indicated that the inter-row location displayed 

greater values for biological measurements, despite displaying greater bulk density 

values, relative to in-row and edge-of-row locations in a strip-till field.   
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CHAPTER 4 FIGURES AND TABLES 

 
  
Table 4.1. Summary of statistical p-values for main treatment effect and interactions.  Analyses based on measurements for bulk density (BD), soil 
moisture content (MC), total C (TC), total N (TN), soil respiration, N mineralization, microbial biomass C (MBC), and microbial biomass N (MBN).  
Yellow indicates significance level, p<0.05.  Pink indicates significance level, p=0.05-0.10 
 
 
Treatment or  
Interaction BD MC TC TN Respiration N 

Mineralization MBC MBN 

Location <0.0001 0.2788 0.5918 0.8048 0.0359 0.3886 0.0001 0.0002 

Input 0.8430 0.3711 0.5736 0.1469 0.0894 0.4202 0.1367 0.1912 

Rotation 0.0159 0.2592 0.4535 0.4919 0.2419 0.8891 0.3100 0.0100 

Loc*Input 0.4065 0.6540 0.0045 0.0083 0.2524 0.5372 0.4759 0.8725 

Loc*Rot 0.7710 0.0660 0.0018 0.0003 0.8733 0.0805 0.1404 0.1489 

Input*Rot 0.1476 0.2812 0.8960 0.7118 0.3811 0.2186 0.1777 0.0073 

Loc*Input*Rot 0.5394 0.5533 0.6234 0.6398 0.7371 0.6030 0.1367 0.7567 
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Figure 4.1. Bulk density from three different locations in the strip-till treatment.  Treatments are abbreviated: Organic/ Rotation (ORG ROT), 
Organic/Continuous (ORG CONT), Synthetic/Rotation (SYN ROT), and Synthetic/Continuous (SYN CONT).  Rotation subplot treatment was 
included because differences were significant between rotation and continuous treatments.  Error bars indicate standard deviation.   
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Figure 4.2. Gravimetric soil moisture content of soils from different field locations (x-axis) with two input regimes (organic and synthetic) on day 
soils were sieved (within two days of field samplilng).  Rotation subplot treatment was averaged over because no statistical differences were 
found.  Error bars indicate standard deviation. 
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Figure 4.3.  Percent total soil C from three different locations in a strip-till field (x-axis).  Treatments are abbreviated: Organic/ Rotation (ORG 
ROT), Organic/Continuous (ORG CONT), Synthetic/Rotation (SYN ROT), and Synthetic/Continuous (SYN CONT).  Rotation treatment is included 
because significant treatment interactions were observed.  Error bars indicate standard deviation.   
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Figure 4.4. Percent total soil N from three different locations in the strip-till field.  Treatments are abbreviated: Organic/ Rotation (ORG ROT), 
Organic/Continuous (ORG CONT), Synthetic/Rotation (SYN ROT), and Synthetic/Continuous (SYN CONT).  Rotation treatment is included 
because significant treatment interactions were observed.  Error bars indicate standard deviation.  
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Figure 4.5. Soil C mineralization in three different field locations, net CO2-evolution over 24 days.  .  Rotation subplot treatment was averaged over 
because no statistical differences were found.  Error bars indicate standard deviations.   
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Figure 4.6. Cumulative net mineralizable N from extracted with K2SO4 over a 28-day incubation from three different field locations.  Rotation 
subplot treatment was not significant, and so was averaged over main plot treatment effects.  Error bars indicate standard deviations.
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Figure 4.7. Microbial Biomass C (MBC) from three different locations in the strip-till field.  Rotation subplot treatment was averaged over main plot 
treatments (tillage and input) because no statistical differences were found.  Error bars indicate standard deviation. 
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Figure 4.8.  Microbial biomass N (MBN) from three different locations in the strip-till field.  Treatments are abbreviated: Organic/ Rotation (ORG 
ROT), Organic/Continuous (ORG CONT), Synthetic/Rotation (SYN ROT), and Synthetic/Continuous (SYN CONT).  Rotation subplot treatment 
was included because differences were significant between rotation and continuous treatments.  Error bars indicate standard deviation.   
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Figure 4.9. Biplot of data produced from principle components 
analysis of all biological parameters and bulk density 
measurements.  First principle component is represented on the 
horizontal axis and second principle component is represented on 
the vertical axis.  The first principle component explains 45.7% of 
the total variance in this data set and the second principle 
component explains an additional 24.2% of the variance for a 
cumulative representation of 69.9% of the dataset variance.  The 
samples are represented by colored symbols.  Organic treatments 
are represented by circles and synthetic treatments are represented 
by stars.  Location sampling was represented by different colors 
such that the in-row locations are green, the edge-of-row locations 
are pink, and the inter-row locations are aqua.  Samples are labeled 
using the following code: the first letter represents organic (O) or 
synthetic (S) treatments; the second letter represents the rotation 
(R) or continuous (C) split-plot treatment; the last letter indicates 
that the sample was taken from the strip (S), edge of strip (E), or 
inter-row (I).  Measurements are indicated by arrows and are 
labeled as follows: moisture content (MC), total C (TC), total N 
(TN), potentially mineralizable N (PMN), respiration (RESP), 
microbial biomass C (MBC), and microbial biomass N (MBN).  
Species are centered and standardized.  Data was not transformed. 
 
 


